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THEME 


Because  of  rapidly  growing  technology  demands  for  potential  new  and  advanced  helicopter  and  turboprop 
transmissions,  a  need  for  broad  discussions  of  power  transfer  systems  has  become  apparent.  New  research  results  have 
dictated  that  more  attention  be  given  to  possibilities  for  improvement  in  weight,  performance,  and  life-cycle  costs.  In  1981. 
and  again  in  1 982,  the  Panel  addressed  only  small  portions  of  the  wide  range  of  topics  necessary  to  cover  these  critical  areas. 
With  that  concern  in  mind,  and  in  keeping  with  interests  of  the  host  nation  (Portugal),  the  Panel  has  selected  this  subject  f^>r 
its  1 984  Fall  Symposium.  Included  were  sessions  on  current  aircraft  transmissions,  technology  voids  and  needs,  dbsign  and 
manufaciu  ’  ing  considerations,  performance  predictions,  tribological  aspects,  noise  and  vibration,  and  specification 
standards.  Interest  in  these  subjects  includes  topics  of  concern  to  all  manufacturers  t>f  aircraft  as  well  as  specialists  in  the 
fields  of  research  on  mechanical  components  for  transmissions. 


La  demande  croissantc  cn  maticre  de  icchnotogie  pcrmeltant  dc  realiscr  des  transmissions  polcntielles.  nouvclles  ou  de 
conception  avancee.  pour  helicopteres  et  turbopropulscurs.  a  mis  cn  evidence  la  neecssiie  de  proceder  a  des  enircticns  dc 
nature  generate  sur  les  systemes  de  transmission  d  energie.  Lcs  rcsuliais  de  rccherchcs  recemment  effectuees  ont  monire 
qu'un  surcroit  d’efforts  devait  ctre  consacre  aux  possibilitesd'amclioration  dc  potds.  dc  performances,  cl  dc  couts  dc  cvcle 
de  vie.  En  1 98 1 ,  et  a  nouveau  en  1 982.  le  Panel  n’a  iraiie  qu'unc  petite  partic  des  points  extremement  nombreux  qui  ciifrent 
dans  le  cadre  de  ces  domaines  critiques.  Cest  en  songeani  a  cc  probicme  el  aussi  pour  repondre  a  I'inierct  exprime  par  le 
pays  hole,  le  Portugal,  que  le  Panel  a  choisi  ce  sujei  comme  theme  dc  s(»n  Symposium  de  l  auiomme  1 984.  l.cs  diverses 
seances  ont  ete  consacrees  aux  transmissions  actuellement  utilisces  sur  les  acronels.  aux  lavunes  et  aux  besoms  dc  la 
technologie.  a  des  considerations  sur  la  conception  et  la  fabrication,  aux  predictions  dc  ixTformanccs  aux  aspects 
tribologiques.  au  bruit  et  aux  vibrations,  et  aux  normes  en  maticrc  dc  cahicr  des  charges  I  mteret  pour  ces  diffcrcnts  sujets 
est  partage  par  tous  les  construcicurs  d'avions  ainsi  que  par  lcs  spccialisicx  de  la  recherche  sur  lcs  composanis  mccantqucs 
des  systemes  de  transmission. 
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INTRODUCTION 

The  Propulsion  anti  Fnerpeiics  Panel  64ih  Symposium  on  Ckars  and  Power  Transmission  Systems  fiir  1  ,in 

Turhoprops  was  convened  ai  ihe  Oulbenkian  Foundation  in  l.isbon.  Portugal  on  Octofvr  1 2.  1 VK4.  The  purpost  >i  the 
meeting  was  to  exchange  and  disseminate  information  i>n  R  &  l>  being  conducted  on  (he  above  subject  iii  the  N.A  1 1 ) 
countries  and  to  identify  future  technology  needs  based  on  new  requircmcnis. 

The  participants  were  engineers  and  management  engaged  in  K  A  D.  manufactiiring.  testing,  ccrtirication.  ant/ 
education.  The  five  day  symposium  was  divided  into  seven  sessions  m  which  invuetl  papers  were  presented  f  at  h  paper 
was  followed  by  lively  discussion  T  he  seven  sessions  arc  listed  below: 

I  Review  of  Current  I  ransmission  Technology 

II  Helicopter  &  Turbtiprop  Transmission  Icchnology  Needs  and  Design 

III  Component  Design  Technology  and  ManulacturingConsitlcraiton 

IV  I  fibology  Aspects  t)(  1  ransniissum  C  t»mponcnts 

V  OtagnoMics.  Measurements,  and  Ntase 

VI  Problems  and  Failures  in  Clearing  .Applications 
Vll  Oualirication  Siandartls  anti  SpectficatiotK 


(  OM  ENTS  OF  THE  MEE  VIN(. 

It  IS  clear  that  helicopters  anti  tuiboprops  .jrc  gaining  wide  acct  pt.iiHe  but  at  tin  -'.init.  tune  the\  aic  bi  c«innn5’  tiiore 
complex  The  requirements  f<ir  ihcseaiuratt  are  mcreasing  and  ihe  pciloini.iiuc  i  •  sOt  ttJiing  the  currem  *-tak  o/  k  t  /mojo;' 
so  that  today  transmissions  represent  the  weakest  link  in  the  sv'tem. 

I  wo  papers  (Kefs  .14  tmtl  .1.“')*  in  Session  VII  dealing  with  ceriificaiion  clear  Is  mdicaicd  the  rupulK  mercasin:'  \.i  .si  lot 
helicopter  qualification.  ( )no  liundrttl  million  dollars  was  cued  by  Mr  1 1  U  I  eiiis  o(  I  .\.\  is  tfie  present  e<Ki  lor  ttfUi  i  .ii;. 
of  one  iiclicoptvr  I  liis  clearly  indicated  that  .i  signiricant.  well  tumletl.  and  coniimim;;  U  \  D  etTori  is  retjuirctl  to  iik..  i  ihc 
future  needs  of  military  and  civilian  hclicoplcis  and  turboprop  aircrali  it  wouUI  l'a\e  Ivcn  valuable  to  Itave  tlie  p.'Pvts  in 
Session  Vll  presented  very  early  in  the  program  so  as  !<»  put  the  liimtetl  K  A  D  elioii  in  pioper  peispcctivc  li  also  W)  liil 
have  been  valuab' ;  to  present  or  summarize  a  recent  report  of  the  Helicopter  Air  Uoiflimess  Review  Panel  <  H.\KP|  w;  •  ,  h 
dealt  w  ith  this  very  important  subject  and  made  eleven  specific  iccommendaiioi" 


KEY  FACTORS 


1  Cost  -  Acquisition  (Fiisi  Cost) 

—  Mainicnance 

—  Lnergv  tfunclion  of  efficiency) 

2  life 

y  Reliability 

4  Availability 

5  Time  Between  Overhaul  (  I  BO) 

Mean  Time  Bclwccn  Repair  (M  I  BR) 

7  Noise 

b  ViitncrabilitV'  Fail  Safe 
‘J  Weight 
It)  Si/e 


Ihe  invilcil  papers  coveted  ,i  wide  range  of subitcls  tele-,  uit  to  fiafisrtussKirr  svskrns  for  helicopters  and  lu.'b, 


rs  .lie- listed  It)  (he  ( 


\t 


3EARINGS 


In  today's  Army  helicopters  many  types  of  bearing  are  used.  Bearings  are  heavily 
loaded,  the  design  of  these  mechanical  elements  is  highly  refined,  and  the  design  limits 
are  known  with  reasonable  accuracy.  Deep  groove  bearing  are  used  in  accessory  drives. 
Spherical  double  row  bearings  are  used  in  planetary  gear  supports  for  their  ability  to 
withstand  misalignments  imposed  by  offset  loads  on  the  planet  carrier  posts.  Bevel 
gears,  being  sensitive  to  misalignment  problems  induced  by  loads  and  thermal  distor¬ 
tions,  are  rigidly  mounted  in  bearings.  Several  arrangements  are  found.  Triplex 
mounted  angular  contact  bearings  and  a  straight  cylindrical  roller  bearing  in  a  strad¬ 
dle  mount  have  been  used.  Recent  step  improvements  have  been  made,  transitioning  to 
more  advanced  bearings  for  gear  shaft  support.  One  example  is  the  Boeing -Ver tol  CH-47A 
(1960),  CH-47C  (late  1960’s)  and  CH-47D  (mid  1970's).  In  this  application  materials 
evolved  from  52100  to  CEVM  M50  and  from  standard  ball  and  roller  designs  to  out-of-round 
(for  skidding  control)  roller  bearings  with  integral  spaces  (ref.  14).  Also  there  has 
been  a  transition  to  integral  bearing  raceway/shaft  designs  in  many  designs  in  order  to 
reduce  parts  count  and  reduce  fretting  wear.  The  Sikorsky  UH-60  Blackhawk  incorporates 
tapered  roller  bearings  for  gear  shaft  support  for  the  input  main  bevels,  combining 
bevel  and  tail  rotor  drive  take-off. 

Ball  bearings  are  used  in  high  speed  turbine  engine  shaft  supports  and  with  this 
severe  application  as  a  driving  force  have  achieved  very  high  speed  capability:  speeds 
as  high  as  3x10®  DN  have  been  demonstrated.  The  parameter  DN  is  defined  as  the  prod¬ 
uct  of  diameter  in  millimeters  and  speed  in  revolutions  per  minute.  Roller  bearings 
are  more  limited  in  speed  because  of  higher  heat  generation.  This  is  partially  due  to 
intentional  out-of-roundness  or  "pinch"  that  is  sometimes  put  on  the  raceways  to  control 
skidding  at  high  speeds  and  light  loads.  Tapered  roller  bearings  have  good  load  capac¬ 
ity  for  combined  axial  and  radial  loads  such  as  when  reacting  spiral  bevel  gear  loads. 
However  tapered  roller  bearings  are  used  on  the  slower  speed  shafts  because  of  heat 
generation  at  the  roller  ends,  Conventi'^nal  (inner  cone  ribs)  tapered  roller  bearings 
are  limited  to  0.5x10°  DN  which  is  compatible  with  a  cone  rib  velocity  of  36  m/s 
(7000  ft/min) ,  However,  work  done  in  the  1970's  (refs.  15  to  18)  has  improved  the  high 
speed  performance  up  to  3x10°  DN  for  pure  thrust  loads  and  2.4x10°  DN  for  combined 
thrust  and  radial  loads.  Of  course,  this  technology  has  not  yet  been  input  to  current 
hel  icopter  transmissions. 

SEALS,  CLUTCHES,  COUPLINGS 

Typically,  seals  on  the  input  and  output  shafts  are  spring  loaded  lip,  elastomeric 
types.  For  high  speed  and  more  critical  requirements  spring-loaded  carbon  type  seals 
may  be  used. 

Clutches  most  widely  used  in  helicopter  free-wheel  units  are  the  sprag  type 
(fiq.  16)  and  the  roller/ramp  type.  The  OH-S8  and  the  Hueys  use  the  former  and  the 
UH-60  the  latter.  Poller  type  clutches  are  somewhat  heavier  than  sprag-types  but  they 
do  not  have  a  possibility  of  "rollover"  failure.  Rollover  is  where,  the  torque  level 
being  too  high,  the  sprag  rolls  over  and  positive  engagement  is  is  lost. 

A  study  of  the  technology  of  clutches  has  been  made  (ref.  19).  The  overrunning 
clutch?®  should  be  on  the  highest  speed  shafts,  giving  lightest  weight.  A  spring  type 
clutch  is  an  attractive  candidate  for  speeds  up  to  27,000  rpm.  Sprags  that  will  not 
roll  over  have  been  developed  (fig.  17).  The  positive  continuous  engagement  type  sprag, 
when  overloaded  abuts  its  neighbor  sprags,  limiting  the  amount  of  roll-over.  Applica¬ 
tions  up  to  20,000  rpm  or  50  m/s  (10,000  ft/min)  are  suitable  for  sprag  clutches. 
Roller/ramp  clutches  are  limited  to  12,000  rpm.  The  highest  Hertz  contact  stress  occurs 
at  the  nonconforming  inner  race  contact.  Industry  practice  is  to  not  exceed  3.5  GPa 
(500,000  psi)  contact  stress  (refs,  1  and  2). 

Couplings  are  used  in  helicopter  drive  lines  to  accommodate  shaft  misalignments 
which  are  caused  by  airframe  flexibilities.  Past  experience  has  shown  that,  for  reli¬ 
able  operation,  much  attention  should  be  given  to  the  coupling  design.  One  important 
parameter  is  the  torsional  stiffness.  This  affects  drive  line  dynamics.  Space  and 
weight  considerations  are  also  important  and  affect  the  selection  of  coupling  type. 

There  are  two  main  types  of  coupling  in  use.  The  gear  coupling  is  most  prevalent  (fig. 
18) .  The  UH-1  and  OH-S8  use  this  type.  It  is  able  to  carry  the  torque  loads  with  3 
degrees  of  continuous  misalignment  and  transient  conditions  up  to  6  degrees  of  mis¬ 
alignment.  Speeds  up  to  20,000  rpm  are  possible.  Grease  with  an  extreme  pressure  ad¬ 
ditive  is  used  as  lubricant  for  lower  speeds,  and  forced  oil  flow  for  better  cooling  at 
high  speeds.  Rotor/transmission/pylon  systems  with  soft  mounts  require  the  large  mis¬ 
alignment  capability  of  gear  type  couplings.  The  gear  coupling  is  normally  limited  by 
its  thermal  capacity.  The  usual  failure  mode  is  overheating  followed  by  plastic  shear¬ 
ing  of  the  gear  teeth  and/or  local  welding  of  the  gear  teeth. 

Another  popular  coupling  is  the  flexible  element  type.  There  are  several  similar 
types  in  this  category:  the  flexible  ring  type  or  Thomas  Coupling  (fig.  19);  the  flex¬ 
ible  diaphragm  type  or  Bendix  Coupling  (fio.  20);  and  the  axially  loadable  straight 
element  type  (Kaman  K-Flex  Coupling),  (fiq.  21).  The  first  two  need  to  be  used  in  C'^n- 
junction  with  a  spline  for  axial  motions.  These  types  of  coupling  are  usually  found  on 
the  larger  helicopters  where  they  have  a  weight  advantage  over  geared  couplings.  They 
are  simple,  lioht,  and  don't  require  lubrication.  However  the  Thomas  and  Bendix  types 
may  carry  only  up  to  1  degree  misalignment.  The  Kaman  type  may  carry  up  to  0.5  degree 
per  plate  element.  With  these  t.of'S,  the  failure  problems  are  flexural  fatigue  and 


LIFF  ^ND  RELIABII  I'lV 


AchiAvoment  of  lonq-lived,  reliable  power  transfer  systems  can  be  aifticuli  to 
achieve  and  today's  helicopters  are  one  of  the  most  severe  appl icat i  i^ns  of  this  tech- 
noloqy,  helicopters  (sometimes  referred  to  as  flyinq  fatique  machines)  present  the- 
ultimate  test  of  materials  and  designs  for  reliability.  Ttie  many  failure  mechanisms 
for  bearing  and  gears  must  be  weighed  against  anticipated  loads  .^^hich  are  not  Know  with 
certainty.  In  addition  to  known  classical  modes  of  failure,  such  as  pitting,  scoring, 
and  bending  fatigue,  there  are  unanticipated  events  that  can  ground  helicopters.  Things 
like  sudden  leaks  producing  low  oil  levels,  undetected  contamination  of  lubricant,  and 
poor  maintenance  practices  can  severly  lower  the  reliability  of  the  mechanical  compo¬ 
nents  of  the  transmission.  There  is  no  way  to  anticipate  the  exact  effect  and  typical 
experience  has  been  that  there  has  to  be  a  suffering  through  the  ^et'ugginq  phase  of  new 
designs.  Generally,  today's  flying  helicopters  have  been  achievi  •  500  to  1200  hr  time- 
between-overhaul  (TBO)  for  main  transmissions  with  tail  rotor  gearbox  TBO's  up  to  1600 
hrs.  Design  calculations  often  indicate  much  greater  reliability.  This  is  because  all 
the  various  reasons  for  failure  are  not  accounted  for  in  those  calculations,  and  there 
has  been  no  sensible  way  to  calculate  the  effects  of  unknown  or  unanticipated  causes. 
Indeed,  it  has  been  found  that  in  overhaul  and  unscheduled  removal  operations  only  about 
ten  percent  of  failed  bearings  exhibit  classical  failure  modes.  Gears  are  even  less 
likely  to  fail,  qivinq  rise  to  the  speculation  that  current  gear  design  practice  is 
more  conservative  than  bearing  design  practice. 

Current  practice  is  to  calculate  bearing  and  gear  life  using  AGMA  (American  Gear 
Manufacturer's  Association)  and  AFBMA  (Antifriction  Bearing  Manufacturer's  Association) 
standards  for  pitting  fatigue  life.  Many  aircraft  companies  have  established  their  own 
data  base  for  bearing  and  gear  reliability  from  which  designs  are  extrapolated.  Expe¬ 
rience  has  shown  that  subsurface  initiated  fatigue  life  is  distributed  according  to  the 
Weibull  probability  distribution.  This  holds  for  gears  as  well  as  bearings.  As  for 
sensitivity  factors,  the  Weibull  slope  is  one  to  two  for  beatings  and  two  to  three  for 
gears,  where  the  slope  is  measured  on  special  coordinates  defined  by  the  Weibull  dis¬ 
tribution.  The  ordinate  is  the  log-log  of  the  reciprocal  of  probability  of  survival 
graduated  as  the  statistical  percent  of  specimens  failed.  The  abscissa  is  the  log  of 
t  irr':>  to  failure  or  system  life.  Load  also  affects  life.  For  gears,  life  is  inversely 
proportional  to  the  4.3  power  of  load  and  the  cube  of  load  for  bearings.  There  are 
other  factors  such  as  material,  lubrication,  processing  and  speed  which  can  have  an 
effect  and  data  is  in  hand  (ref.  10)  to  provide  reasonable  guidance  in  estimating  sur- 
f  ace  f  at  i<?ue  life. 

There  has  always  been  some  confusion  about  the  proper  relation  between  individual 
gear  or  bearing  life  and  total  system  life.  Moreover,  the  exact  relation  that  exists 
between  the  average  system  failure  rate,  TBO,  and  MTBF  has  not  always  been  understood. 
However  these  figures  of  merit  can  and  should  be  rigorously  related  through  proper  ap¬ 
plication  of  mathematical  statistics  with  an  adequate  match  of  circumstances  to  the 
ba.sic  assumptions  of  the  theory.  For  example,  laboratory  measured  life  distributions 
for  components  may  determine  an  average  life.  But  under  service  conditions  in  a  fleet 
thin  c i rcums tance  (laboratory  condition)  does  not  apply.  This  is  because  in  a  fleet 
operation,  components  are  repaired  or  replaced  periodically  and  after  a  time  the  fleet 
IS  comprised  of  a  mixture  of  ages  for  the  components.  This  circumstance  fits  the  clas¬ 
sical  "renewal  theory"  assumptions,  and  the  distribution  in  the  limit  approaches  the 
'•xponential  distribution  instead  of  the  Weibull  distribution  (ref.  11).  It  is  for  the 
•xpon^ntial  distribution  that  MTBF  is  defined.  It  is  precisely  this  transition  of  con¬ 
ditions  from  laboratory  to  field,  with  the  attendant  proble.ns  of  overhaul  and  repair 
recoid  keeping  that  makes  it  difficult  to  correlate  the  theoretical  or  design  predic¬ 
tions  tor  life  with  field  experience. 

Rncont  publications  have  documented  a  life  prediction  methodology  for  gears  and 
rt’arinus  as  applied  to  an  entire  t r ansniiss ion  (refs.  12  and  13).  In  reference  12  a 
current  turboprop  gearbox  (fig.  ) 3)  was  analy2ed  using  the  life  prediction  methodology 
df-ve  1  opr-rl  at  the  NASA  I.ewis  Reseaich  Center.  The  turboprop  gf.  irbox  is  strikingly  simi- 
1  if  to  a  helicopter  gearbox  if  the  turboprop  input  spur  gear  stage  were  changed  to  spi- 
'11  beV'^1  gear  pa  i  r .  The  NA.SA  analysis  of  the  turboprop  gearbox  is  sunimarized  on  a 
W'^-ibull  plot  (fig.  14).  Each  gear  and  bearing  life  distribution  is  shown  relative  to 
thf  ten  percent  life  of  the  F*ntire  transmission.  The  single  weakest  component,  accord¬ 
ing  t/-)  th^  analysis,  was  the  planet  bearing. 

Ill  r^’f^'-rence  13  a  similar  study  was  done  for  a  typical  planetary  gear  set  such  as 
found  in  r3  turboprop  or  helicopter  reduction  gear  stage.  The  study  was  done  for  a  three 
planet  system  with  an  output  of  150  kW  (200  hp)  at  300  rpm.  The  gears  were  AISI  9310 
Vacuum  Arc  Pemelt  steel  with  face  width  51  mm  (2.0  in.),  module  4.23  mm  (diametral  pitch 
6  in."^),  and  20°  pressure  angle.  The  tooth  numbers  were  sun,  24;  ring,  96;  and 
plan^'t,  36.  The  planet  bearings  were  75-02  cylindrical  roller  bearings  with  a  width  of 
25  mm  (I  in.)  and  outside  diameter  of  130  mm  (5-1/8  in.).  The  life  distribution  of  the 
system  and  the  most  critical  elements,  sun  and  planet  bearing  are  shown  in  the  Weibull 
plot  (fig.  15).  In  contrast  to  the  turboprop  example,  the  sun  gear  is  the  weakest 
element  according  to  the  analysis. 


WEIGHT 


The  specific  weights  for  current  main  rotor  gearboxes  range  from  0.30  to 
0.50  Ib/hp.  A  summary  showing  the  total  drive  system  weight  is  given  in  table  II.  The 
total  drive  specific  weight  ranges  from  0.4  to  0.6  Ib/hp  on  the  basis  of  input  power  to 
the  drive  train.  The  helicopters  considered  here  are  plotted  with  weight  trends  in 
figure  8.  Housing  assemblies  are  usually  made  of  low  density  materials  such  as  cast 
magnesium  and  forged  aluminum  for  the  load  bearing  members.  This  is  important  because 
housings  comprise  20  to  60  percent  of  total  transmission  weight  in  current  helicopters. 
The  gears  themselves  increase  in  weight  according  to  the  quate  of  the  ratio.  Therefore 
high  ratio  reductions  in  a  single  stage  are  not  common.  The  order  of  weights  from 
lightest  to  heaviest  (for  equal  gear  ratios)  is  planetary,  parallel  axis,  spiral  bevel, 
and  it  is  beneficial  to  take  higher  reductions  nearest  to  the  final  output.  This  will 
trade-off  number  of  stages  against  overall  weight.  Current  designs  reflect  this,  as 
the  bevel  stages  usually  take  the  less  reduction  at  the  higher  speed.  These  rules  may 
not  apply  if  weight  distribution  and  the  effect  on  helicopter  center  of  gravity  are 
overriding  factors. 


EFFICIENCY 

The  current  helicopter  transmissions  transfer  power  from  engine  to  rotor  in  an 
highly  efficient  manner.  Transmission  efficiencies  range  from  97  to  99  percent  in  to¬ 
day’s  flying  helicopters.  The  power  losses  arise  from  windage  losses  inside  the  case, 
bearing  losses,  seal  sliding  friction  losses,  pumping  losses,  with  the  main  contributor 
being  the  sliding  losses  in  the  gear  teeth.  For  a  single  spiral  bevel  or  a  spur  mesh 
there  is  approximately  0.50  percent  loss;  for  a  planetary  stage,  a  0,75  percent  loss. 
These  figures  apply  only  to  a  fully  loaded  transmission.  At  part  load,  the  efficiency 
decreases  signif icantly.  Figure  9  shows  a  plot  of  measured  efficiency  for  the  OH-58 
transmission.  Efficiency  at  maximum  speed  and  torque  is  98.4  percent.  The  effect  of 
decreasing  torque  is  characteristic  of  all  transmissions.  The  gear  teeth  need  to  be 
loaded  to  their  capacity  for  the  given  size  and  properly  lubricated.  Also  the  effect 
of  speed  is  shown  on  this  figure.  As  the  speed  is  halved  at  full  torque,  a  1/10  percent 
increase  in  efficiency  is  noticed.  This  is  the  sensitivity  to  windage.  Efficiency  of 
power  tra-^sfer  is  extremely  important  to  the  overall  operation  envelope  of  the  helicop¬ 
ter.  For  example,  in  a  3000  hp  helicopter,  such  as  the  Blackhawk,  a  one  percent  de¬ 
crease  in  efficiency  would  consume  an  additional  JO  hp.  A  medium  helicopter  suffers  a 
useful  payload  reduction  of  100  to  200  lb  with  a  one  percent  power  loss.  In  addition, 
the  added  30  hp  would  have  to  be  dissipated,  requiring  a  larger  oil  cooler  which  would 
be  heavier  and  more  vulnerable.  Therefore,  any  new  designs,  in  order  to  be  viable, 
must  be  at  least  as  efficient  as  current  designs  or  they  must  t.e  mn’ch  lighter,  if  not 
as  efficient,  in  order  to  compensate  for  loss  of  payload  and  increased  cooling  system 
weight. 


NO  I  si: 

Transmissions  are  the  main  source  of  noise  in  today’s  helicopter  interiors.  The 
noise  is  predominantly  pure  tone  multiples  of  gear  mesh  frequencies.  The  frequencies 
rancie  from  several  hundred  hertz  to  beyond  hearing  range.  The  source  of  noise  is  the 
aear  mesh  as  an  impact  exciter,  with  sound  transmitted  to  the  listener  through  struc¬ 
tural  and  airhorn  pathways.  There  is  currently  no  universally  satisfactory  treatment. 
Current  analytical  tools  are  only  now  being  refined  and  they  may  be  useful  to  design 
the  next  generation  of  helicopters.  Current  re'"<'dios  are  spot  treatments  using  damping 
material  around  the  oansonger  compartments  and  friction  damping  rings  on  the  gear 
blanks,  fiound  treatments  in  use  today  have  the  disadvantage  of  weight  and  cost  penalty 
and  increased  maintenance  man  hours  due  to  the  need  for  removal  of  noise  abatement  ma¬ 
terials  for  airframe  and  component  inspection.  Moreover,  the  materials  may  never  be 
replaced  sutsoo.ient  to  an  airframe  maintenance  inspection.  Experience  has  shown  that 
higher  f reciuenc  les  ate  easier  to  treat,  and  that  for  equal  pitch  line  velocities,  heli¬ 
cal  gears  are  the  most  quiet,  followed  in  order  by,  spur  and  l-'evel  gears.  Generally, 
higher  contact  ratio  and  finer  pitch  give  quieter  gears,  hut  fine  pitch  gears  are  not 
as  strong  as  th«ir  morp  course  counterparts.  This  requires  a  trade-off  stufiy. 

A  study  of  intrri‘jr  noise  levels  of  current  helicopters  has  been  completed  recently 
(ref.  8).  The  findings,  obtained  by  averaging  the  measurements  from  two  microphones 
placed  near  the  pilot's  and  copilot's  heads,  were  as  follows:  OII-58A,  107  db;  UH-lh, 

113  do ;  AH-IS,  120  dB;  I1H-60A,  115  dH  and  CH-47r,  118  dB.  Those  measurements  are  tor 
overall  sound  firpssur'^  levels  at  cruise  conditions.  There  were  significant  variations 
in  frequency  content  from  aircraft  to  aircraft.  Costs  uf  noise  treatments  for  cabin 
interiors  have  been  assessed  (ref.  9).  For  the  Bell  Jet  Rancer  III  (tig.  10)  which  is 
civil  version  of  the  OH-5B  a  speech  interference  level  ot  84  dB  at  cruise  conditions 
can  he  achieved  with  a  kit  supplied  by  a  third  party  for  under  $4000.  For  larger  heli¬ 
copters  the  costs  are  proportional  to  helicopter  size  and  noise  severity.  Single  rotor 
helicopters  have  the  transmission  closer  to  the  passenger  compartment,  whereas  tandem 
rotor  aircraft  havo  the  forward  transmission  very  near  the  cockpit.  Transmission  lo¬ 
cation  determines  the  type  of  noise  treatment  because  of  the  varied  noise?  paths  t'ctween 
thr.  two  typps  of  aircraft. 

Figure  11  shows  that  over  the  past  two  decades  transmissions  have  steaoily  become 
noisier.  Figure  12  shows  that  in  the  same  period  the  transmissions  have  steadily  become 
lighter.  The  result  is  that  in  order  to  meet  military  noise  specification  MIL-A-8806A, 
soundproofing  treatments  resulted  in  heavier  packages  when  the  combination  of  main 
gearbox  and  sound  proofing  weights  are  added  together  (fig.  12). 


FATIGUE  AND  RESIDUAL  STRESS 


In  the  manuf actur inq  process  there  are  many  factors  which  affect  the  residual 
stress  in  transmission  components.  Most  prominent  of  these  are  the  typo  machinery  in¬ 
volved  in  the  cutting,  speed  of  the  machine,  machining  lubricants,  shape  of  the  part, 
surface  finish,  heat-treat  processes  and  handling.  The  resulting  residual  stress  can 
be  either  beneficial  or  detrimental  to  the  fatigue  strength  of  the  pact.  Parts  witti 
surface  tension  stresses  could  have  shortened  life  since  any  applied  tension  fatigue- 
stress  would  be  additive.  Whereas  parts  with  compressive  stresses  could  have  beneficial 
effects  as  the  compressive  stress  would  subtract  from  applied  tension  fatigue  stresses 
and  inhibit  crack  initiation  or  growth. 

One  method  used  by  the  helicopter  companies  to  eliminate  the  residual  stresu  is 
through  shot  peeninq.  Shot  peeninq  has  long  been  used  as  a  method  for  improving  tne 
bending  strength  of  gears.  However,  until  recently  it  had  not  been  considered  to  be  a 
factor  in  extending  fatigue  life,  studies  conducted  on  residual  stresses  in  rolling- 
element  bearings  at  NASA  Lewis  Research  Center  have  shown  that  increased  residual  com¬ 
pressive  stress  increases  rolling-element  (surface)  fatigue  life  (refs.  5  and  6).  In 
addition,  an  investigation  was  conducted  to  determine  the  effect  of  shot  peening  of 
gear  teeth  on  surface  fatigue  life  (ref.  7).  Gear  surface  fatigue  endurance  tests  were 
conducted  on  two  groups  of  carburized  and  hardened  AISI  9310  steel  spur  gears,  manufac¬ 
tured  from  the  same  heat  of  material.  One  group  was  subject  to  an  additional  shot 
peening  process  on  the  gear  tooth  surface  and  root  radius.  The  test  results  are  shown 
in  table  I  (ref.  7).  Basically,  the  shot  peened  gears  exhibited  fatigue  lives  1.6  times 
the  life  of  standard  gears  without  shot  peeninq  (ref.  7). 

Thus,  it  can  be  seen  that  shot  peening  provides  an  increase  in  fatigue  life  in 
addition  to  improving  bending  strength. 

GEAR  STEEL 

The  mest  commonly  used  gear  material  in  U.S.  helicopter  transmission  is  AISI  9310. 
However,  the  Boeing  Vertol  Company  changed  to  VASCO  X-2,  modified  in  the  CH-47D.  Other 
materials  such  as  CBS  600,  CBS  1000  and  Carpenter  X53,  are  being  evaluated  by  industry 
and  government  laborutor ies.  The  shift  to  VASCO  X-2  stems  from  a  desire  for  a  steel 
with  improved  high-hot-hardness  characteristics  which  would  enable  gears  to  carry  higher 
loads  without  the  surface  distress  that  was  becoming  a  limiting  factor  with  AISI  931(5, 

In  addition,  survivability  was  of  concern  to  the  military  and  the  capability  to  get 
home  in  case  of  damage  to  the  lubrication  system. 

Boeing  Vertol  with  support  from  the  Army  and  Navy  developed  VASCO  X-2  in  the  early 
seventies.  It  now  is  used  on  the  CH-47D  transmission  in  all  the  highly  loaded  gears 
which  had  potential  for  scor ing/scuf f i no  using  AISI  9310.  In  comparative  tests  between 
VASCO  X-2  and  AISI  93J0,  VASCO  X-2  has  shown  superior  resistance  to  scuffing  and  scoring 
which  limit  the  load  capability  under  conditions  of  thin-tilm  lubrication  (lightweight 
synthetic  oils),  figure  9  (ref.  4).  In  tests  of  the  bending  fatigue  endurance  limit 
VASCO  X-2  and  AISI  9310  were  essentially  the  same  (ref.  4).  VASCO  X-2  has  a  somewhat 
improved  capacity  over  AISI  9310  in  contact  (Hertzian)  capacity  (ref.  4).  In  fracture 
mechanics  property  tests,  AISI  9310  has  higher  impact  strength  and  fracture  toughness, 
while  VASCO  X-2  and  AISI  9310  have  equivalent  fatigue  crack  propagation  rates  and 
threshold  values  (ref.  4).  Before  this  material  could  be  utilized  it  was  necessary  to 
develop  a  thorough  understanding  of  the  material  chemistry  and  heat  treatment  in  addi¬ 
tion  to  the  processing  variables  and  quality  control.  This  was  accomplished  after  a 
great  deal  of  effort  by  Boeing  Vertol  and  VASCO  X-2  now  is  firmly  established  as  a  gear 
mater ial . 


GEAR  PARAMETERS 

The  majority  of  the  current  helicopter  transmissions  have  spur-gear  contact  ratios 
(average  number  of  teeth  in  contact)  less  than  two.  The  contact  ratios  range  from  1.3 
to  1.6  so  that  the  number  of  teeth  in  engagement  is  either  one  or  two.  Basically,  the 
load  is  shared  by  two  teeth  during  the  entrance  and  exit  phases  of  engagement  while  one 
pair  of  teeth  cairies  the  load  the  remaining  time.  Many  gears  use  a  pressure  angle  of 
20  to  25®  and  operate  with  a  contact  ratio  of  approximately  1.?,  Pressure  angles  up  to 
28®  have  been  used  successfully.  This  provides  improved  tooth  strength,  however,  at 
the  same  time  it  increases  noise  and  may  cause  lower  pitting  fatigue  life. 

Allowable  stresses  vary  with  gear  material  to  be  used  and  the  maximum  temperature 
to  be  endured.  Most  designs  are  based  on  maximum  gear  body  temperature  under  400  K 
(approx.  250®  F) .  The  AGMA  (American  Gear  Manufacturers  Association)  standards  for 
aircraft  gearing  are  used  to  calculate  both  Hertz  contact  stress  and  bending  stresses. 
In  today's  helicopters  designs  are  limited  to  about  i.l  GPa  (160,000  psi)  for  Hertz 
Stress,  thus  allowing  for  leeway  in  case  of  misalignments  induced  by  case  flexibility 
and  manuever-imposed  loads.  Total  loads  rarely  exceed  1.5  GPa  (220,000  psi)  for  Hertz 
stress  in  gears.  For  bending,  0.4  GPa  (60,000  psi)  is  rarely  exceeded.  Bevel  gear 
limits  are  lower  than  for  spur  and  helical  gears. 

Pitch  line  velocity  in  current  transmissions  for  high  speed  bevel  gears  is  approx¬ 
imately  50  to  100  m/s  (10,000  to  20,000  ft/min) ,  These  limits  were  necessary  because 
of  the  need  to  limit  lubrication  churning  power  loss,  as  well  as  to  prevent  high 
dynamic  loads. 


to  7:1  for  a  single  stage  (sun  gear  input,  ring  grur  fixed,  cage  output).  In  current 
practice  the  planetary  seldom  has  a  reduction  ratio  greater  than  4.7:1 
when  fitted  with  five  planet  pinions  (refs  1  and  2). 

There  are  times  when  two  planetaries  are  used  in  series  {CH-47  and  UH-1)  to  obtain 
higher  reduction  ratios.  A  wide  variety  of  reduction  ratios  is  available  with  two 
planetaries  and  the  designer  has  the  choice  of  reduction  ratio  for  each  stage  to  attain 
a  specific  overall  ratio. 


TYPICAL  CONFIGURATIONS 

The  OH-58  has  a  single  main  rotor  transmission  which  represents  current  design 
practice  in  light  helicopters  (fig.  3).  There  are  four  reduction  stages  between  the 
engine  and  main  rotor  shaft.  The  engine  output  speed  of  35,350  rpm  is  reduces  in  two 
stages  of  helical  gears  to  6060  rpm  at  the  input  of  the  main  gearbox.  The  helical  gears 
provide  an  offset  between  the  engine  and  bevel  pinion  axis  and  allow  power  to  be  ex¬ 
tracted  from  the  final  helical  gear  for  the  tail  rotor.  The  first-stage  gearing  in  the 
transmission  is  spiral  bevel  (19/71  reduction)  and  provides  a  speed  of  1622  rpm  to  the 
sun  gear  of  a  fixed-ring  planetary  unit.  The  planetary  unit  provides  the  final  reduc¬ 
tion  of  4.67:1  and  gives  a  speed  of  347.5  rpm  to  the  planet  carrier  and  main  shaft. 

Noteworthy  features  of  this  design  include  the  use  of  sel f -a  1  ign ing  bearings  in 
the  planet  pinions,  a  radially  flexible  ring  gear  and  a  cantilever  support  for  the  bevel 
gear  which  was  used  to  reduce  the  overall  height. 

Stepping  up  to  the  larger  si2e  single  rotor  helicopter,  we  find  the  UH-1  and  UH-60. 
Both  are  in  the  utility  class,  however,  only  the  UH-60  will  be  addressed  since  the  UH-1 
drive-train  configuration  even  with  an  additional  planetary  stage  is  similar  to  the 
OH-58.  The  UH-6Q  main  transmission  has  five  separate,  interchangeable  modules  (fig. 

4).  They  are  the  main  module,  two  engine  input  modules  and  two  accessory  modules.  The 
power  train  has  two  spiral  bevel  gear  meshes  (17.3:1  reduction  and  a  spur  gear  plane¬ 
tary  system  with  five  pinions  {4.67:1  reduction).  Three  additional  spiral  bevel  meshes 
provide  power  take-off  for  the  accessory  modules  and  tail  rotor  while  four  spur  gear 
meshes  driv  the  accessories  and  lubrication  pumps.  This  drive-train  configuration 
provides  an  overall  reduction  ratio  of  B0;1  and  reduces  the  input  speed  from  20,900  to 
258  rpm  at  thv  main  rotor.  The  continuous  rating  of  transmission  is  2828-hp  with  a 
single  engine  rating  of  1560  hp. 

While  the  OM-S8  is  representative  of  the  single  rotor  main  transmission,  the  CH-47 
has  transmissions  typical  of  tandem  rotor  design.  The  CH-47  has  engine  and  combining 
transmissions  in  addition  to  forward  and  aft  main  rocor  transmissions.  Each  engine 
gearbox  changes  the  direction  of  axis  from  the  power  plan*  to  the  combining  transmission 
and  reduces  the  speed.  The  gearing  is  spiral  bevel  with  r-  Auction  ratio  of  1.23:1. 

Thf*  power  rating  of  the  gearbox  is  3750  hp.  A  clutch  is  1  at  the  output  shaft  t' 

allow  autorotation  without  drag  from  the  engine  and  gearbox. 

The  combining  transmission  takes  the  input  from  the  two  engine  gearboxes  and  has 
two  outputs  to  drive  the  forward  and  aft  transmissions.  The  combining  transmission  has 
spiral  tevel  gearing  with  a  reduction  ratio  of  1.7:1  and  a  power  rating  of  6000-).p, 

Power  from  the  combining  gearbox  is  transmitted  through  synchronizing  shafts  to 
tfie  forward  anrl  aft  transmissions,  which  are  similar  in  design  (fig.  T).  Tfie  first- 
stage  gearing  in  the  transmission  is  spiral  bevel,  followed  by  two  simple  spur  gear 
planetary  units  with  a  common  ring  gear.  This  configuration  provides  a  reduction  ratio 
of  30.73  in  both  the  forward  and  aft  transmissions.  They  are  rated  at  3600  np  with  an 
input  speed  of  7465  rpm  and  243  rotor  rpm. 

QUALITY  OF  MA'^'ERIALS 

Major  advances  have  been  made  in  the  past  two  decades  which  improve  the  qualitv  of 
t‘paring  and  gearing  materials  for  t ransm t ss ions .  These  advances  involve  improved  proc¬ 
essing  and  cleanliness  and  greater  control  on  material  chemistry  and  heat  treatment. 

The  largest  and  most  significant  improvement  is  related  to  the  use  of  double -vacuum-me 1 t 
steel  instead  of  s i ng 1 e- vacuum-melt .  "’his  process  involves  the  use  of  Vacuum- 1 nduct i on - 
Melt  (VIM)  in  combination  with  Vacuum-Arc-Remelt  (VAR),  The  processing  techniques  pro¬ 
vide  a  very  homogenous  material  with  reduced  nonmetallic  inclusions,  entrapped  gases, 
and  trace  f'lf’ments. 

The  first  benefit  of  the  improved  cleanliness  of  the  material  is  an  increase  in 
fatigue  life.  An  example  of  the  exceptional  long  fatigue  life  that  can  be  obtained 
with  VIM-VAR  AISI  M-50  is  presented  in  reference  3.  A  group  of  120-mm-bore,  angular 
contact  ball  bearings  was  endurance  tested  at  three  million  DN  (D  is  bore  diameter  in 
millimeters  and  N  is  speed  in  rpm)  and  a  thrust  load  of  22,200-N  (5000  lb).  The  ten 
percent  fatigue  life  obtained  was  over  100  times  the  predicted  AFBMA  life.  This  long 
life  includes  lubrication  effects  which  are  beneficial  to  life  at  these  high  speeds,  so 
that  the  improvement  attributed  to  VIM-VAR  AISI  M-50  was  a  factor  of  44  (ref.  3). 

A  second  benefit  gained  through  the  use  of  double-vacuum-melt  over  single-vacuum- 
melt  steel  is  thp  improvement  in  the  threshold  stress  allowables  and  in  fractur  tough¬ 
ness  characteristics.  Tests  conducted  by  Boeing  Vertol  indicate  a  substantial  improve¬ 
ment  In  threshold  stress  as  shown  in  figure  6  (ref,  4).  For  these  reasons,  the  Army 
now  is  specifying  VIM-VAR  on  critical  transmission  components. 
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ABSTRACT 

A  review  of  current  helicopters  was  conducted  to  determine  the  technology  in  the 
drive-train  systems.  This  paper  highlights  the  design  features  including  reliability, 
maintainability  and  survivability  characteristics,  in  transmission  systems  for  the 
OH-58,  UH-1,  CH-47  and  LlH-60  helicopters.  In  addition,  trade-offs  involving  cost,  re¬ 
liability  and  life  are  discussed. 

INTRODUCTION 

With  the  advent  of  the  gas  turbine  engine  and  its  application  to  helicopters  in 
the  late  fifties  and  early  sixties,  there  was  a  significant  change  in  the  design  and 
technology  of  helicopter  transmissions.  Drive  system  input  speeds  increased  from  2500 
to  20,000  rpm  and  power  to  be  absorbed  tripled.  These  challenges  were  met  by  the  heli¬ 
copter  industry.  In  the  seventies  and  early  eighties  there  have  been  other  challenges: 
requirements  for  reduced  weight,  reduced  noise,  increased  survivability,  increased 
safety  and  lower  life-cycle  costs. 

In  most  cases  the  technology  to  meet  these  challenges  has  been  paced  by  military 
interests,  in  particular  the  U.S.  Army  (refs  1  and  2).  This  being  the  case,  a  review 
was  made  of  the  drive  system  technology  in  the  Army’s  OH-58,  UH-1,  CH-47  and  UH-60 
(Fig.  1).  These  helicopters  represent  a  range  from  light  observation  to  medium-Iift 
cargo.  With  the  exception  of  the  UH-60,  they  became  operational  in  the  sixties  and 
have  continued  in  service  through  several  versions  (A,  B,  C  and  D  series)  with  the  lat- 
•^st  models  expected  to  be  in  the  Army  inventory  through  1990.  Many  are  being  built 
under  licensee  agreements.  Their  evolution  has  been  characterized  by  improved  range 
and  speed  and  by  constantly  improving  reliability  aid  safety.  New  or  improved  drive 
systems  have  been  developed  for  the  latest  models  with  the  objective  of  step  improve¬ 
ments  in  maintainability  and  reliability. 

The  UH-60  is  a  relatively  new  helicopter;  first  production  deliveries  began  in 
1979.  It  is  used  extensively  by  the  Army  and  Navy  and  is  designed  primarily  to  carry 
eleven  fully  equipped  troops  plus  a  crew  of  two.  The  gearbox  represents  current  state- 
of-the-art  design  for  helicopter  transmissions, 

design  APPROACH 

The  desiqi.  of  the  transmission  system  is  dictated  by  the  configuration  of  the  he¬ 
licopter.  Two  configurations  ace  in  general  use:  (1)  a  single  main  rotor  with  a  tail 
rotor  and  (2)  a  tandem  configuration  with  twin  contrarotating  rotors  of  equal  size  and 
loading  so  that  the  torques  of  the  rotors  are  equal  and  opposing.  A  typical  drive  train 
configuration  for  the  single-rotor  machine  is  shown  in  figure  2  with  the  main  variations 
occurring  in  the  location  and  configuration  of  the  engines. 

In  both  configurations,  single  and  tandem  rotor,  the  transmission  loads  are  a 
function  of  power  and  speed.  The  engine  power  is  determined  from  the  maximum  perform¬ 
ance  requirements  of  the  mission,  such  as  hover  at  4000  ft  (out-of -ground -ef f ect )  at 
95®  F.  The  input  speed  to  the  transmission  is  fixed  by  the  output  speed  of  the  engine, 
while  the  rotor  speed  is  determined  by  the  top  speed  of  the  rotor  blade.  Thus  the 
overall  drive  train  reduction  ratio  can  be  determined  for  a  given  rotor  diameter. 
Trade-off  studies  are  conducted  to  evaluate  different  configurations  for  splitting  the 
reduction  ratio  among  the  various  transmission  components  (epiryclic  bevel  gear  set, 
spur  set,  etc.)  and  achieving  a  design  with  minimum  weight,  Considerat ion  also  must  be 
given  to  the  transmission  housing. 

Finally,  a  thorough  aerodynamic  analysis  is  conducted  on  the  helicopter  mission  in 
order  to  obtain  complete  spectra  of  the  rotor  loads  and  moments  as  well  as  the  maneuver 
loads  and  transients  for  maximum  transmission  reliability.  This  analysis  is  compared 
with  )<nown  load-life  relations  on  similar  components  to  achieve  maximum  transmission 
reliability  and  minimum  weight. 


OVERALL  ARRANGEMENT 

Current  helicopter  main  transmission  systems  have  a  reduction  ratio  in  the  region 
of  80:1  to  100:1  to  reduce  the  gas-turbine  engine  speed  to  ::he  main  rotor.  This  ratio 
is  achieved  in  either  three  or  four  stages  of  gearing,  where  each  stage  is  either  an 
epicyclic  gear  assembly,  a  spiral  bevel  gear  pair  or  a  helical  gear  pair.  The  predomi¬ 
nant  configuration  in  current  designs  is  the  planetary  gear  train.  The  trend  to  plane¬ 
tary  gear  trains  is  well  established  as  it  provides  maximum  torque  in  a  lightweight  and 
compact  gear  reduction.  in  the  planetary  design,  practical  reductions  vary  from  2.15:) 


The  overall  experience  in  reliability,  avai lability ,  and  life  of  U.S.  manufactureu 
equipment,  jiot  just  military  equipment,  leaves  much  to  be  desired.  Our  recent  experi¬ 
ence  with  U.S.  made  automobiles  has  shown  qreat  lack  irj  these  areas  as  compared  to  other 
foreign  manufactured  products.  uur  whole  quality  control  and  inspection  programs  have 
been  challenged. 

Bee  se  these  problems  are  much  more  important  to  the  military,  they  have  consiu- 
erably  mi...e  to  gain  in  solving  them.  Thus,  reliability  and  maintainability  improve¬ 
ments  in  military  equipment  is  beginning  to  receive  considerably  more  attention  ana 
should  have  a  very  positive  inipact  on  our  commercial  and  industrial  products.  This 
area  represents  another  technology  "spinoff”  resulting  from  military  development  efforts 
hat  will  have  positive  effect  on  a  great  variety  of  products. 

It  is  expected  that  in  the  free  world  about  30,000  helicopters  will  be  built  :n  the 
i980's.  Approximately  30*  of  these  will  be  for  military  use.  This  corresponds  to 
approximately  a  thirty  billion  uuilar  business,  approximately  half  of  it  in  the  U.S. A. 
Most  of  the  civil  advances  arc  expected  to  come  from  the  military  developments  very 
similar  to  the  aircraft  experience.  It  is,  therefore,  very  important  that  the  military 
continues  to  make  the  necessary  technology  advances.  This  represents  another  reason  for 
continued  commitment  to  the  advances  of  this  technology. 

In  reviewing  the  variety  of  papers  on  transmissions,  which  also  include  this  sym¬ 
posium,  I  found  that  the  sessions  could  have  been  divided  into  the  following  broad 
categories : 

No.  of  Paper  in  this  Conference 


1.  Future  Requirements  4 

2.  Component  Technology  I  11 

3.  Component  Technology  II  (Emphasis  on  Tribology)  7 

4.  System  Technology  6 

5.  Design  5 

6.  Manufacturing  4 

7.  Certification  2 


I  offer  this  observation  because  this  breakdown  might  help  me  in  preparing  the 
Technical  Evaluation  Report.  I  would,  therefore,  like  to  request  that  each  author 
identifies  the  classification  of  his  paper  along  the  above  seven  categories.  Some  of 
the  papers  may  actually  cover  two  or  more  categories.  1  would  also  like  to  request 
that  each  author  clearly  identifies  technological  gaps  and  points  out  the  possible  payoff 
resulting  from  the  advances  he  is  making.  I  hope  that  the  authors  will  spend  most  of 
the  allotted  time  on  raising  issues,  projecting  future  trends,  and  providing  forum  for 
lively  discussions,  in  technical  sessions  and  symposia,  I  have  found  that  lively  dis¬ 
cussions  and  diverse  points  of  view  are  often  much  more  valuable  and  informative  than 
the  paper  itself. 

In  sununary,  I  am  sure  that  all  of  us  will  learn  something  new.  We  are  bound  to  gain 
better  understanding  of  the  current  status  of  this  technology.  Foi  some  of  us,  the 
symposium  will  spark  new  ideas  for  technology  advances;  for  others,  it  may  provide  an¬ 
swers  to  existing  problems.  Thus,  I  am  sure  that  all  of  us  will  derive  value  out  of 
these  sessions. 
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added  to  the  analytical  complexity,  but  the  high  speed,  high  storage  capacity  computer 
was  able  to  cope  with  this. 

In  the  case  of  transmissions,  the  analyses  are  much  more  difficult  primarily  because 
they  are  made  up  of  a  large  number  of  components  and  there  is  considerably  more  inter¬ 
action  between  the  various  parameters.  This  is  especially  true  in  military  applications 
where  weight,  reliability,  and  noise  are  important  factors  that  must  be  considered.  For 
example,  when  we  reduce  weight,  we  tend  to  get  more  deflection,  higher  stresses,  yreater 
noise,  poorer  elasto-hydrodynamics  lubrication,  lower  reliability,  etc. 

Today  we  are  on  the  threshold  of  a  new  computer  advance  which  will  help  us  to  ana¬ 
lyze  complex  systems.  It  is  the  emergence  of  CAD/CAM  technology.  These  new  tools  will 
enable  us  to  study  design  changes  and  help  us  to  see  their  effects.  Thus,  we  can  study 
deflections,  stress,  lubrication,  and  heat  transfer  and  extend  it  to  vibration  and  noise. 
We  can  quickly  assess  dimensional  changes  on  the  performance  of  components  and  systems. 
These  dimensional  changes  not  only  affect  lubrication,  vibration,  ana  noise,  but  also 
system  weight.  The  added  advantage  of  this  tool  is  that  it  can  be  used  in  a  man-machine 
interactive  mode,  and  thus  an  experienced  designer  can  rapidly  see  the  effects  of  the 
change.  I,  therefore,  believe  that  this  relatively  new  design  and  manufacturing  tool 
will  greatly  help  to  speed  up  the  development  process  and  give  us  a  much  better  chance 
to  optimize  complete  transmissions  and  propulsion  systems.  The  CAD  technology  is  expect¬ 
ed  to  contribute  to  system  analyses  in  the  eighties  in  a  similar  way  that  the  high  speed, 
high  storage  capacity  computers  did  in  component  analyses  during  the  fifties  and  sixties. 

Another  very  important  advance  in  the  past  decade  has  been  the  development  of  micro¬ 
chips  which  have  been  very  effectively  used  not  only  in  computers,  but  also  in  signal 
analyses.  Processing  equipment  using  microelectronics  can  be  coupled  to  a  variety  of 
of  miniature  sensors  and  transducers  to  accurately  give  us  experimental  and  aiagnostic 
data  that  we  were  unable  to  get  before.  These  will  be  used  to  improve  reliability, 
life,  and  maintainability  of  power  drive  systems. 

Thus,  complex  three-dimensional  problems  of  lubrication,  elasticity,  and  energy  can 
be  analyzed  today  for  complex  geometries  very  quickly  and  at  relatively  low  cost.  This 
is  very  important,  especially  in  the  assessment  and  development  of  a  variety  of  military 
transmissions  such  as  planetary,  hybrid,  traction,  and  split  torque. 

It  is  well  recognized  that  weight  reduction  is  very  important  in  aircraft  and  space 
equipment.  Over  a  relatively  short  period  of  time,  transmission  weight  has  been  reauced 
from  0.4  Ibs/HP  to  0.3  Ibs/HP.  Considerable  effort  has  been  directed  to  weight  reduc¬ 
tion,  and  split  torque  transmissions  for  helicopters  of  around  0.2  Ibs/HP  are  now  being 
investigated.  Weight  recuctions  are  often  related  to  higher  speed,  reduced  lubrication 
volume,  use  of  new  materials,  etc.  Unfortunately,  some  of  the  weight  reduction  efforts 
have  also  had  son.,  negative  effects  on  life  by  causing  higher  stresses  and  poor  lubri¬ 
cation  which  resulted  in  premature  failures.  Inadequate  analytical  tools  and  understand¬ 
ing  are  the  prime  causes  of  these  failures. 

I  am  reminded  of  the  development  of  the  Vulcan  gun  at  the  General  Electric  Company. 
During  its  illustrious  history,  I  was  exposed  to  three  independent  teams  of  Value  Ana¬ 
lysts  whose  assignment  was  to  reduce  cost  through  weight  reductions.  It  was  a  very  noble 
objective,  but  one  that  resulted  in  serious  problems.  Each  time  the  modifications  result 
ed  in  failures,  and  it  was  concluded  that  the  weight  reduction  caused  excessive  deflec¬ 
tions  which  resulted  in  a  host  of  performance  problems.  In  each  case,  the  structure  fi¬ 
nally  had  to  be  beefed  up.  If  easy  to  use  analytical  tools  were  available,  these  prob¬ 
lems  would  probably  have  been  avoided. 

This  rather  poor  experience  in  no  way  should  imply  that  weight  reductions  are  not 
possible.  In  fact,  CAD/CAM  has  been  very  effectively  used  for  this  purpose  in  weight 
reductions  of  automobiles,  and  it  can  be  applied  to  transmissions  and  propulsion  systems. 
During  the  past  two  decades,  there  have  also  been  very  significant  developments  of  new 
alloys  {e.g.,  EX-5J1  and  processes  (e.g.,  shot  peening,  growth  of  large  single  crystals, 
etc.).  Also,  there  have  been  significant  advances  in  ceramics  and  composites.  These 
new  materials,  with  a  number  of  very  desirable  properties,  will  result  in  some  very  signif¬ 
icant  weight,  cost,  noise,  and  vibration  reductions.  For  instance,  shafting  that  uses 
composite  materials  offers  considerable  advantages  both  in  weight  reduction  and  rotor  dy¬ 
namics.  It  is,  therefore,  hoped  that  many  of  these  new  advances  in  materials  and  ana¬ 
lyses  will  quickly  find  their  way  into  the  power  drive  systems. 

Another  area  that  deserves  discussion  is  that  of  reliability,  TBO,  MTBH,  and  cost. 

We  recognize  that  these  are  very  important  factors,  especially  in  military  applications 
where  the  cost  of  maintenance  tends  to  bt  very  high.  Helicopter  and  turboprop  aircraft 
are  highly  vulnerable  to  transmission  failures,  SttJdies  have  shown  that  over  50»  of 
helicopter  maintenance  cost  is  attributed  to  mechanical  drive  systems.  Rolling  element 
bearing  fatigue,  spalling,  spline  wear,  fretting,  gear  track  fatigue,  and  tapered  roller 
lubrication  failures  are  just  a  few  examples.  MTBR  of  about  1,0C0  hours  is  very  short, 
and  obviously  there  is  a  need  to  significantly  increase  this  number.  It  should  be  re¬ 
membered  that  transmissions  are  made  up  of  a  large  number  of  components  whose  lives  have 
to  be  an  order  of  magnitude  higher.  (For  MTBR  of  1,000  hours  with  20  components,  each 
must  have  a  life  of  1,000  x  20  -  20,000  hrs.)  These  short  lives  are  often  attributed 
to  poor  design,  inadequate  analytical  tools,  poor  lubrication,  poor  materials  resulting 
from  inadequate  development,  poor  correlation  between  theory  and  experiment,  etc.  Arti¬ 
ficial  Intelligence  (Al)  will  become  a  very  important  diagnostic  tool  in  failure  analyses 
Adapting  AI  and  expert  systems  to  transmission  analyses  should  result  in  significant 
payoff . 


OVERVILW  OF  POWER  TRANSFER  TECHNOLOGY 


Dr.  Beno  Sternlicht  -  Technical  Director 
Mechanical  Technology  Incorporated 
968  Albany  Shaker  Road,  Latham,  N.Y.,  12110,  U.S.A. 


When  I  was  asked  by  Mr.  John  Acurio  to  be  the  technical  evaluator  of  this  symposiuni, 
my  first  reaction  was  negative.  This  was  primarily  because  I  did  not  consider  myself  to 
be  an  expert  in  this  field.  I  felt  that  I  would  contribute  little  to  this  group  of  ex¬ 
perts.  Then,  with  a  little  more  persuasion  from  John,  whom  I  learned  to  respect,  I  fi¬ 
nally  accepted  this  invitation.  I  would  like  to  share  with  you  some  of  the  reasons  for 
my  acceptance: 

1.  MTI,  since  its  founding,  has  been  one  of  the  leading  technology  groups  working  in 
bearings,  seals,  gears,  and  transmissions.  During  our  history,  we  have  been  engageu 
ir  the  development  of  mechanical  transmissions  covering  such  areas  as  design,  trouble 
shooting,  and  also  applying  them  to  our  products.  This  symposium,  I  felt,  would  pro¬ 
vide  me  with  a  good  opportunity  to  learn  what  others  were  doing. 

2.  I  have  had  personal  experience  in  several  technology  areas  common  to  this  field.  In 
the  past,  I  have  found  that  an  expert  in  one  technical  area  can  often  provide  an 
objective  assessment  of  a  related  field  because  he  has  no  ax  to  grind- 

3.  The  purpose  of  a  symposium  is  to  disseminate  information  and  to  spark  new  ideas  for 
R&D.  I  have  always  believed  that  technology  is  only  valuable  when  it  is  effectively 
disseminated  and  applied.  This  symposium  would  provide  an  important  avenue  for  dis¬ 
semination  of  information. 

4.  I  strongly  felt  that  the  AGARD  meeting  provided  an  opportunity  for  the  leading  ex¬ 
perts  in  NATO  to  exchange  scientific  and  technical  information,  provide  consulting 
services  and,  all  in  all,  find  new  research  directions  which  are  likely  to  result 
in  significant  impact. 

These  factors  finally  convinced  me  to  accept  this  challenge.  Here  I  am,  hoping  that  ail 
of  us  are  going  to  have  a  productive  and  educational  meeting,  one  in  which  we  will  open¬ 
ly  present  both  our  accomplishments  and  failures.  I  have  found  that  well  documented 
failures  are  often  just  as  important  as  successes,  for  they  spark  new  ideas  and  provide 
new  research  directions. 

To  get  rapidly  up  to  speed  in  this  area  of  technology,  I  took  several  steps,  I  con¬ 
ducted  a  library  search  of  papers  on  aircraft  transmissions  that  were  published  in  the 
last  decade.  I  then  laboriously  pored  through  these  and  selected  about  fifty  papers 
which  I  reviewed  in  more  detail.  Most  of  these,  because  of  time  restraint,  were  by 
American  authors.  One  compendium  of  papers  that  proved  to  be  very  valuable  was  the 
Advanced  Power  Transmission  Technology  conducted  by  NASA-Lewis  on  June  9-11,  1981.  I 
also  telephoned  several  transmission  experts  to  learn  what  R&D  they  were  doing  and  to 
identify  areas  which  they  felt  were  important. 

Based  on  this  study,  I  have  concluded  that  we  are  on  the  threshold  of  getting  a 
much  better  understanding  of  the  various  parameters  influencing  transmission  design. 

Thus,  in  the  next  few  years,  we  should  be  able  to  make  significant  contributions  to 
transmission  design  and  performance.  Why  do  1  feel  that  we  are  on  the  threshold  of  sore 
significant  breakthroughs  in  this  area?  To  answer  this  observation,  I  would  like  to  con¬ 
trast  this  area  of  technology  to  one  with  which  1  am  considerably  more  familiar. 

In  the  fifties  and  sixties  there  were  very  significant  strides  made  in  the  field  of 
fluid  film  bearings  (hydrodynamics  and  hydrostatics) .  This  wjs  due  to  the  advent  of  high 
speed  computers  which  enabled  us  to  use  finite  element  methods  to  solve  complex  partial 
differential  equations.  A  number  of  technologists  used  these  tools  to  similtaneously 
solve  Reynolds  and  energy  equations  for  a  variety  of  bearing  geometries.  These  analyses 
eliminated  the  need  for  approximations  and  the  use  of  empirical  correction  factors.  Dur¬ 
ing  the  same  period,  with  the  aid  of  more  accurate  film  thi:kness  and  temperature  measure 
ments,  experimentalists  showed  very  good  correlation  between  theory  and  practice.  In  the 
late  sixties  and  early  seventies,  theory  was  extended  to  e lasto-hydrodynamics  ana  thermo- 
elasto-hydrodynamics  (a  word  coined  by  me) .  Thus,  we  were  able  to  better  understand  the 
process  of  lubrication  and  traction  in  rolling  element  bearings,  gears,  traction  drives, 
and  seals.  Through  this  effort,  major  strides  were  made  i*.  increasing  life,  speed,  ana 
DN  value  of  rolling  element  bearings.  During  the  same  period,  theory  was  also  extendea 
to  compressible  fluids,  and  this  enabled  many  companies  to  develop  gas  bearings  and  apply 
them  to  a  variety  of  products  ranging  from  turbochargers  to  computers.  The  theory  was 
also  extended  to  bearing  rotor  dynamics  which  gave  us  better  insight  into  stability, 
critical  speeds,  balancing  and  vibration  of  the  complete  machinery  systems. 

Thus,  tlie  high  speed,  high  storage  capacity  computers  enabled  us  to  analyze  a  variety 
of  machine  elements  and  systems.  In  fluid  film  bearings,  often  the  analyses  could  be  two 
dimensional  and  for  the  low  speed  and  light  loads,  the  energy  consideration  could  be  ne¬ 
glected.  In  the  case  of  high  shear,  the  energy  equations  had  to  be  included.  For  roll¬ 
ing  element  bearings  and  gears,  hydrodynamic,  elasticity,  and  energy  equations  often  had 
to  be  solved  simultaneously.  In  the  case  of  rotor  dynamics,  the  spring  and  damping  func¬ 
tions  of  the  bearings  had  to  be  included  in  the  analyses.  This,  of  course,  significantly 
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•  Involute  vs.  conformal  with  regard  to  cost,  noise,  availubility.  vulnerability  and  weight. 

(4)  Revolutionary  changes  where  the  improvements  are  at  least  a  factor  of  two. 

CONCLUSIONS 

(1)  The  symposium  presented  an  excellent  forum  for  disseminatum  of  K  D  information  conilucted  in  this  very  important 
area  of  technology. 

(2)  The  R  &  D  effort  seems  to  be  evolutionary  and  rtot  revolutionary  and  seems  to  be  receiving  inadequate  emphasi*.  and 
funding. 

(3)  The  power  train  reprc-sents  the  weakest  link  in  helicopters.  I'hc  TBO  and  MTBR  is  very  short  and  needs  to  be 
significantly  increased. 

(4)  New  tools  are  now  available  which  can  have  significant  impact  on  transmission  design  and  performance. 

(5)  Transmission  technology  needs  to  receive  greater  professional  recognition.  This  will  require  stronger  interaction  with 
professional  societies  and  universities. 

RECOMMENDATIONS 

( 1 )  Prepare  AGARDographs  covering  such  subjeccts  as; 

(a)  Future  transmission  needs  (past  I 

(b)  Cost/benefit  analyses 

(c)  Critical  comparisons  of; 

Involute  vs.  conformal  gears 

Advanced  revolutionary  transmission  concepts 
Integral  de.sign  vs.  stacked  design 

Engine/transmission  integration  vs.  present  coupled  system. 

(d)  Artifida]  intelligence  —  failure  modes 

(e)  Two  lubricants  (engine  &  transmission)  vs.  one  common  lubricant 

(f)  CAD/CAM  manufacturing  to  increase  life 

lower  noise 

lower  cost  » 

(g)  Materials  and  structures  (including  composites) 

(h)  Health  monitoring  technologies 

(2)  During  the  meetings,  longer  time  should  be  alk)catcd  to  discussions.  (Ii  would  bo  valuable  to  arrange  for  some  pre|''ared 
discussions,  especially  if  those  can  present  an  opposite  point  of  view  i«»  that  t»f  the  author.) 

(3)  Panels  of  experts  should  he  considered  to  discuss  or  debate  a  coniroversi.tl  topic 

(4)  R  dc  D  funding  should  be  significantly  increased  in  this  important  area  <*l  po'pulston. 
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Artificial  intelligence,  failure  mode  analyses,  trend  and  statistical  analyses  should  be  employed  in  the  generation  of  the 
*1>ath  tub"  mortality  curve  for  any  new  transmission  design.  It  is  interesting  to  point  out  that  there  is  great  similarity  between 
the  mortality  curves  for  products,  e.g.  transmissions,  and  humans  (Figures  1  &  2).  Accurate  predictions  of  mortality  curves 
can  have  a  very  important  payoff  as  illustrated  by  the  performance  of  insurance  companies. 

In  the  USA.  insurance  companies  that  employed  advanced  analytical  tools,  especially  statistical  methods,  made  a  lot  of 
money  in  the  1 950s  and  60s  for  they  were  able  to  accurately  predict  the  mortality  curve.  Then,  based  on  trend  analyses,  they 
were  able  to  project  future  mortality  curves  and  thus  set  their  insurance  rates.  European  insurance  companies  went  broke  at 
the  turn  of  tlUs  century  because  they  did  not  predict  the  hi^  death  rate  resulting  from  World  War  I.  It  is  difficult  an.l  v  cry 
expensive  to  get  life  insurance  in  Israel  because  of  the  unpredictability  of  deaths  by  terrorists.  Now  lets  look  at  the 
similarities: 
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HUMAN 

InhinC  Mortality 

•  Health  of  parents 

•  Environment-cleanliness 

•  Early  nutrition  ~  vitamins 

—  low  viscosity 
food 


TRA.NSMISSIONS 


Design  &  { capability 

Manufacturing  ( competence 

Cleanliness  &.  filtration 

Use  of  additives 
I  Culling  lubncanls/fluids 
I  break  in  lubricants 


Uscgil  Life  (reliability  analyses) 

•  Inheritance 

•  Nutrition 

•  Environment  —  water  &  air  quality 

recently  —  noise 

Wear  Out  (cause  of  death  very  large  body  of 
statistical  data) 

Heart  —  massive  heart  attack,  stroke,  seizure, 
heart  failure 

Cancer  —  various  forms 


•  Materials 

•  1  -ubricaiion 

•  Dirt  &  chemical  dcct'niposttion 
Surface  finish 

•  Failure  modes 

Fatigue  (break,  massive  crack,  surfacc-plucking. 
pitting,  spalling) 

Wear  (sc|>uring.  scuffing) 


Various  therapies 

e.g..  by‘pa.ss  valve,  heart  transplant,  radiation, 
chemotherapy 

Our  objective  with  manufactured  sysicm.s  is  to  limit  the  failure  laic  during  inluni  motialiiv  and  shorten  the  time  tot 
infant  mortality.  By  far.  the  most  important  objective  is  to  increase  useful  life  of  equipment. 


The  symposium  did  not  address  the  following  ivsucs: 


(1)  What  arc  the  future  transmission  needs. e.g  mmid-9ttN.’ 

(2)  What  is  the  cost/benefit  of  transmission  R  tV  D? 

•  What  will  he  the  S  sav  ing  in  fuel  cost  if  the  transmission  weight  is  halved  ’ 

•  What  will  be  the  increase  in  TBO,  MTHU  and  life  by  using  separate  transmission  liibncanl  ’ 

•  What  is  the  ratio  of  transmission  acquisition  cost  vs.  maintenance  cost? 

•  What  arc  the  advantages  tif  integral  design  fn»m  the  siamlivoint  of  eost.availahihiv.  vulnerability  ami  noise  ' 
The  above  need  to  be  quantified. 


(3)  Critical  compari.son  of  various  areas,  e  g.. 

•  Planetary  vs.  split  torque  vs.  hybrid  vs.  traction 


..I  u.«  ' 


TABLE  II 


Several  papers  discussed  more  than  one  topic,  llie  symposium,  as  a  whole,  covered  a  wide  spcct  rum  of  subjects  ranging: 
from; 

•  Future  Requirement.s  to  Certification 

•  Design  to  Manufacturing 

•  Component  to  System  Technologies 

•  Diagnostic  systems  —  wear  to  vibration 

•  Measurements  of  surface  topography,  tcmih  profile,  vibration  and  noise 

•  Lubricants,  filtration,  surface  finish,  topography,  chemical  adhesion 

•  Experimental  Analyses  —  photoelasticity,  strain  gauging,  error  nicasuremeius 

As  technical  evaluator.  I  have  taken  the  subject  matter  presented  in  the  33  papers  and  have  categori/.cd  the  papers  along 
seven  somewhat  different  subject  headings  as  illustrated  in  Table  II.  By  doing  this.it  became  cic.ir  that  more  than  lialf  ol  ihi 
papers  dealt  with  component  technologies,  primarily  with  gear  stresses  and  various  aspects  oJ  i  rihology . 

The  important  subject  of  increasing  TBO  and  MTBR  was  discussed  by  various  authors.  It  was  pointed  out  that  a  large 
number  of  factors  irtfluence  these  two  very  important  design  parameters,  e.g.: 

(a)  Materials  (Refs.  2.5, 13, 18) 

(b)  Lubricant  properties  (Ref.  4) 

(c)  Use  of  two  lubricants  (one  for  the  engine  and  the  other  for  iransmissiiml 

(d)  Filtration  (Ref.  1 1) 

(e)  Surface  topography  and  roughness  (Ref.  2 1 ) 

(f)  Elastohydrodynamics  (Ref.  23) 

(g)  Chemical  —  mechanical  interaction  (Ref.  24) 

(h)  Tooth  geometry  (conformal  vs.  involute)  (Ref.  26) 

(i)  Diagnostics  (Refs.  29,31.  ,34. 3.4) 

The  subject  of  weight  reduction  was  treated  only  superficially  .  Tluec  papers  bneny  touched  <ui. 

(a)  Weight  reduction  of  components 

(b)  Weight  reduction  of  transmission  casing  (resulting  from  the  use  of  new  materials,  c  e  .  magnesium  and  composites) 

Nowhere  was  the  subject  treated  on  a  comparative  basis  discussing  vaiious  designs,  ti.msniission  types,  and 
configurations  (hat  result  in  the  lowest  weight  (Lb.'  HP)  without  sacnlicmg  «>(hcT  imporiani  iksign  objectives. 

Three  papers  dealt  with  (he  subject  of  transmission  noise.  One  of  these  (Ref.  2'7)discuss*.'*l  the  complexity  of  the 
analysis.  The  second  paper  (Hcf.  .hi)  discussed  the  origins  of  gear  noise.  None«‘f  the  papers  g.ive  theoretical  or  experiment. i' 
compari5on.s<if  noise  for  various  tran.srnissions  nor  did  they  present  euidelincsor  apptoavhcs  ti»r  noise  reduction  and 
attenuation.  The  R  &  D  effort  needed  in  this  technology  area  was  not  well  defined 

The  subject  of  gear  profile  reccivvtl  very  liiilc  attention.  Ref.  2^>  made  only  l•lni!ed  comp.irisons  between  conformal  and 
invvilutc  gears.  Several  papers  briefly  discussed  integral  gear 'bearing  design,  but  tlicrc  w;^^  no  dai.i  given  on  life,  cost,  or 
weight  compansons. 

Vuliierahilily  and  fail  safe,  while  mentioned  as  highly  desirable  and  imporiani  consids  latioiis  in  design  (Ref.  1 7),  w,Te 
not  covered  in  other  papers,  Ycl  vulnerability  and  safety  as  indicated  (Refs.  .^4. 3>  t  are  the  ke\  reasons  for  the  very  high  cost 
a.wociaied  with  certification.  Health  monitoring  of  transmissions  will  have  u»  play  a  auish  gieater  role  in  the  future  and 
requires  con.sidcrably  more  R  &  D  effort. 

As  fcchnical  Evaluator  ol  the  meeting  I  was  left  with  the  foll«»vving  general  inii'iessnms; 

(1 )  the  R  &  D  effort  in  transmissions  is  evolutionary  and  not  revolutionary. 

(2)  The  level  of  funding  for  the  R  &  1)  effort  in  transmissions  is  very  low  , 

(3)  Trai^mission  R  &  D  is  not  receiving  the  emphasis  that  il  deserves. 

(4)  The  air  frame  and  engine  m.anufacturers  view  transmissions  as  an  auxiliaiy  atul  not  ;*s  a  \iial  link  in  the  system 
design. 

(5)  Health  monitoring  of  transmissions  must  reee;vc  considciably  me.rc  attention 

Thus,  (ransmission  R  &  D  is  receiving  rather  low  priority.  Vhis  obviovislv  needs  to  be  eoneetesl  in  the  light  of  the 
importance  of  transmissions  and  the  hisiory  and  cost  of  both  maintenance  and  failuies 

The  papers  and  discussions  at  the  meeting  confirmed  my  intnuluetory  l■•malks  that  we  are  on  the  threshold  of  rnmoi 
technological  breakthroughs  in  transmission  ilevelopmenl.  Some  of  the  papers  discussed  the  use  of  ( 'Al>  (  AM  ( Refs  I  <>. 

1 5.  16).  Others  mentioned  the  use  of  microelcelronics  for  measurements  and  dlasun'^tits  (Uels.  33).  The  use 

composite  matcnals  for  shafting  and  transmission  casing  was  alsi^  mentioned  asi'ltenng  the  twofold  advantage  of  both 
weight  reduction  and  noise  attenuation  In  several  of  the  discussions  the  subject  ofailifieial  intelhi'ence  for  both  design  and 
failure  analysis  was  menlioned  'Iltc  high  cost  »>f  transmissions,  maintenance,  and  leiiiheation  eic.irly  imlicates  the  need  t-n 
more  R  &  1)  The  reliability  and  life  of  transmissions  need  to  he  greatly  increased. 


t'rettinq  at  the  bolted  connections.  The  Thomas  type  is  used  or.  the  Uli-60  BldCknawk 
main  transmission  input,  the  CH-47  synchronizing  shaft,  and  the  OH-58  tail  rotor  drive. 
An  advantage  is  that  when  failure  occurs  by  flexural  fatigue  in  one  ol  the  floxibio 
elements,  it  is  easily  seen  and  the  failure  is  progressive  so  that  catastrophic  tjreakagr- 
is  not  the  case.  So  far,  the  Kaman  coupling  has  been  given  experimental  trials  on 
UH-l's  at  Ft,  Rucker.  Based  on  that  experience,  the  Army  is  now  retrofitting  the  K 
flex  couplings  on  UH-l*s. 

CONCLUDING  REMARKS 

This  has  been  an  overview  of  some  of  the  current  d*'’ve  train  concepts  that  are 
used  in  the  U.S.  Army  helicopters  that  are  flying  tcaay.  The  history  of  rotary  wing 
aircraft  has  seen  evolutionary  change  in  component  technology  that  has  brought  in 
lightweight  reliable  drive  trains.  The  current  concepts  have  been  reviewed  for  bear¬ 
ings,  gears,  seals,  clutches,  materials  and  overall  design  arrangements.  The  implica¬ 
tions  of  materials  and  treatments  have  been  reviewed.  Performance  indices  such  as  power 
to  weight  relations,  efficiency,  and  reliability  have  been  discussed.  Indeed,  in  the 
past  30  years  several  generations  of  rotary  wing  aircraft  have  been  brought  into  the 
military  scene,  and  it  is  certainly  expected  that  more  refinements  and  new  concepts 
will  be  introduced. 

Trends  for  future  developments  that  are  expected  will  be  in  the  areas  of  improved 
relic  lity,  quieter  drive  trains,  better  materials  for  high  temperature  components, 
better  aterials  for  corrosion  resistance  and  high  fracture  toughness.  Mean  time  be¬ 
tween  overhaul  and/or  removal  will  increase  and  operating  envelopes  will  be  extended  in 
the  future  as  a  result  of  component  technology  that  is  being  researched,  developed,  ano 
experimentally  verified  at  the  present  time.  Better  design  techniques  will  be  brought 
in  with  the  advent  of  mo'^ern  computer  analysis  techniques  that  will  enable  design  opti¬ 
mizations  to  be  run  by  the  transmission  designers.  Finite  element  analyses  will  become 
cheaper  and  faster  to  run  because  of  work  that  is  being  done  on  pre-  and  post -processor s 
that  are  being  developed  especially  for  gears. 

It  has  been  the  intention  of  this  paper  to  briefly,  review  current  technology  and 
to  provide  some  background  from  the  U.S.  Army's  viewpoint  for  the  papers  that  follow  in 
this  symposium.  The  following  papers  will  add  more  detail  to  the  topic  of  drive  trains 
for  rotary  wing  and  turboprop  aircraft,  and  the  pertinent  research  and  developments 
that  can  be  factored  into  the  next  generation  of  flying  aircraft.  Today's,  rotary  wing 
aircraft  are  wonders  of  technology,  and  the  challenge  is  to  make  tommorrow's  even 
‘■ter . 
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figure  3.  -  OH-58  fnain  transmisiion. 


(b)  Schematic. 


Figure  4.  -  UH-60  Blackhdwk  mam  transmission 
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Figures  CH47  forward  transmission. 
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Figure  6.  >  Effect  of  multiple  remeltinq  (ref.  41. 
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(ai  Spiral  bevel  test  results. 


tb>  Spur  gear  test  results. 


Figure  7.  -  Scoring  and  scuffing  tests  indicate  improvement  in  load  capacity  (ref.  4), 


Figure  a  *  Weight  trends  for  current  helicopter  drive  trains. 


INPUT  TORQUE.  Ib-(n. 

Figure  9,  -  OH  58  helicopter  transmission  efficiency, 
3-planet  assembly.  Mobil  Jet  II  tltt^  F  oil  inletl. 


lIFt.  MILLIONS  OF  SUN  ROLATIONS 

Figure  15.  -  CAlculeled  theorellcAl  life  dislrlbu- 
lions  (or  planebry  drive  irel.  131. 
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SprAg  overrunning  clutch  detail  tret.  1|. 


(a)  Normal  overrunning  position. 


ib)  Driving  under  normal  load. 


(Cl  Driving  with  extreme  overload, 
figure  it.  -  Sprags  resistant  to  rott  over  (rei. 
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figure  14  -  Gear  coupling  (ret.  2K 


RADIUSEO  CONT^CT 
CLAMPED  SPLINE  WASHERS  (TYP'CAU 


Figure  19.  •  Typical  laminated  ring  coupling  (ref.  11 
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Figure  ?l.  -  Kamen  Kaflex  coupling  (rel.  2|. 
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RESUMJ  : 

Apros  uno  bro\c  dos<  riptiOf>  dcs  svslfrtios  do  trjtisfinssion  t^quipani  la  notiNclii*  ^^('noration  d’holn  ^'ptc'ros  f'turt-uil. 
Dauphin  et  Supor-I’urna  produito  on  sorio  par  la  So<  ii-io  NatiotiaU*  (ndnvtrioKo  •\*To''patt.„l«‘.  utu‘  aiMivNi'  i  i'nq)vir,tti\t’ 
dos  options  tofhmquos  los  plus  signiln  ativos  osl  laito,  ftietfaiit  oti  os  idon<  o  los  prugros  ii  <  oiuphs  doI^^  U'  doinaiiu' 
do  la  soc  urito.  do  la  luibilito  ot  du  bruit  dos  rodu«  tours  ot  iransnussions  do  <  <-s  h<*li<  v'l^loros  : 

-  *so(  unto  :  La  douionstration  olfo<  tivo  dos  tnargC'  do  so<  uril<‘  ost  oso^piof.  ainsi  quo  los  s\stoi'ios 

rodondanis  do  lubr 1 1  u  at lon  do  la  b»uto  df*  transtiiissts.'n  prin<  ipal<-. 

-  I  labijiio  :  s''n  inontro  qiK-,  grar  o  a  un  otiort  do  situplK  iio  do  <on<opiK)i»  ot  on  t.usarit  appol  a  dos  jciors 

ot  traitouionts  ihornuquos  plus  porforn-ams  pour  los  ongriMiagos  ot  rouloinonts.  un  progros 
sorisiblo  ost  obtonu- 

-  Bruit  :  Lo  I  huix  dos  «  ara<  tonstiqucs  gOsuii<*triquos  dos  dcnturos  on  toriont  <  ouipto  clu  «  ritoro  do  bruit 


SYST^MES  HE  TRANSMISSION  ACTUELS 


I.  INTROnilCTlON 

I  o*;rs  df'5  10  dfrnicros  annc'fs  id  ^ot  loie  Nationalc  Industriellc  Aerospatiale*  a  r<'tiou\ele  sa  d'heli<\»p'c 

l«*>;ers  oi  ni<-ttaf>i  a  prolit.  rlaiis  le  cloniaiiie  dos  transrmssions  i'evpcncn(  e  a<  quisc  sur  ses  hclu  o|>n  rfs 

u'c  la  j'eruTation  pre  «'defife  et  los  re'siilrats  alors  dispotiiblcs  des  prograrnmes  de  re<  herrhe  oi  deveJopfM-Ma'f.i. 

Nan-^  pro«  oderons  ea  proriiier  lieu  a  un  survol  des  sysiemes  de  transnussion  utilises  stir  l-<  ureuil,  l''aiijjfiiri  ct 
''up<T-Pu!ria  doni  une  desi  riplion  de  la  ipetmoKJ^ie  et  des  print  ipales  t  ara«  tenstiques  sera  faite. 

laiMjitf  une  aaaltsc*  <'oi?iparative  ruettant  en  valour  les  progres  realises  dans  le  dcrnain<*  do  ia  set  unto,  w'r-  !a 
fiabilito  et  du  bruit,  sera  <  onduite. 


2.  PRESENTATION  OES  SYSTEMES  HE  TRANSMtSSfON  DES  HELICOPTERES  DE  LA  NOUVELLE  GENERATION 


Ecureuil  AS.3?0  mofwmoteur  et  bi-motci^ 


Ces  2  ivlieopteres  ont  on  (Otninun  )es  elements  de  transmission  tels  que  la  panic  tentrale  dc  la  boilo  de  trjnsrni 
prme  pale  (BTf^),  le  tron«,on  print  ipai  de  la  iransriussion  arricre  ct  la  boitc  do  transmission  arnere  (BTA). 

Or  notera  sur  la  figure  1  qu'il  n'y  a  pas  de  boilo  de  transnussion  intcrrnediaire  (BTI)  et  que  Ic  veruiiateur 
(repere  10)  de  relroidissement  d’huiie  ttas'eurs  et  BTP  est  eniralne  par  I'arbre  de  transmission  arnerr  (reperc  V). 
dans  (e  cas  dti  bi-rnoteur. 


r  iGURE  I  -  SYSTEM!:  DE  TRANSMISSKSN  ErURE.lUL  AS.?^0  -  3^^ 
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La  tn  A  (roporo  !<  >  os’  i.t.  tonvoi  fl’anglo  fl  <  oiiplo  spiro-oofiKino). 

L'arhfo  do  liaison  tignro  ^  irrprf,’  I?)  ornr.-  |i-(s)  oioti'urls)  o'  la  IWP  ost  (  ontonu  dans  un  inbo  artK'ilo  (ropcTo  11) 
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riCiURE  ^  -  ARBRF.  OF:  LIAISON  (Rrporo  12) 
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A  C'S7!:'5  .r,  jf  .j-imago  in  hel  icopier  transfni.^sior.s  is  spline  fretting.  It  nas  been  snown  by 

j'-  ‘  •  ■  tna’  fr^'tting  per'f rrmance  is  controlled  in  part  by  lubricant  composition.  Oxidation  innibitor 

.i.iiitivs  b'lVv  r-fer.  n-.jwr.  to  reduce  fretting  irs  splines  iia).  Interest!  f'.jl  y ,  in  helicopter 
t rMnsxi  s.-u  :-r;  4e v*r  1  opment  wor^,  the  author  has  found  that  an  oil  with  excellent  scuff -prevent i  ng 
properties  also  proved  v.^ry  successful  at  reducing  fretting  (S).  This  may  reflect  the  ability  of 
protective-  or.erTii -'ll  filns  to  form  on  rubbing  surfaces. 

The  work  cited  above,  by  Ku  (17)  and  Newiey  (18)  has  demonstrated  the  effectiveness  of  spline 
fretting  tests.  :.Uioh  tests  could  usefully  be  included  in  helicopter  transmission  oil  specifications. 
Njt  only  woul.i  tnis  ensure  reasonable  fretting  p'^rformance ,  but  it  migfit  also  generate  more  research  in 
this  very  negelected  area  of  the  influence  of  lubricant  chemistry  on  fretting. 


NEW  LL'BHIZANTS  FOH  HELICOPTER  TRANSMISSIONS 

From  a  knowledge  of  the  requirements  of  helicopter  transmissions  and  the  limitations  cf  cxi.sting 
Oils  It  IS  possible  to  speculate  on  the  broad  composition  of  improved  helicopter  transmissions 
lubricants  in  the  future. 

Base  Stock 

Up  till  now,  esters  and  mineral  oils  have  been  the  favoured  base  stocKs  irt  helicopter 
transmissions,  for  reasons  discussed  earlier. 

It  is  generally  agreed  that  a  maximum  viscosity  of  about  ibOCOoS  at  -uO'^F  or  lower  is  desirable,  t  ' 
avoid  tne  necessity  for  changing  the  lubricant  In  cold  climates.  The  -.•h-.d  of  vi.scosity  it  normal 
running  temperatures  is  more  contentious.  A  low  viscosity  is  more  Swit*'  :  to  the  iiigh  speed  end  of  tne 
tranam  1 3.si  on  and  vice  versa.  In  previous  helicopter  oil  development  work  a  vuscosity  of  at  i '.'•i;  : 

wa.s  selected,  based  on  the  viscosity  of  ENC  RD  2«87  fluids  (5) .  Jurrentl  y ,  s.‘«mewhit  higher  vi  s  ..'os  i  t  i  es 
of  8-10dS  at  100‘^C  are  being  evaluated,  to  increase  specific  film  thi  •v;r;esse:i  and  d-i-mping  at  in  gh 
t em per. aj. ures  .  The  above  viscosities  imply  a  viscojiity  index  in  the  r<»nge  ’Af.  to  ihO,  This,  tog-'-th^'*- 
with  low  pour  point  and  adequate  thermal  and  hydro.static  stabiilty  sugg^'Ot  likely  bi.s*’  :nls  a.s 

.  thi ckened  esters 

.  synthetic  hydrocarbons 

Thes“  are  av.ai  I  able ,  well  explored  and  have  good  additive  re.spDnse.  Most  pure  e.ster3  'tre  not  vl:3'.'.':ua 
‘■■‘nough  to  meet  thi=r  100*^7  viscosities  suggested  above.  However,  if  ext'^eme  temperature  .stability  is  r.ot 
•  i  tar’get  ,  esters  can  be  thick-^ned  with  polymeric  esters  or  glycols  to  give  fluids  of  suiiable 
VI s cos i ty . 

Ad'i!  1 1  ves 

"lurreritly,  additives  in  helicopter  transmission  oils  vary  depending  on  the  oils'  original  intended 
us-.  'Vis  tuf'bine  oil  der'ived  products  are  b.-i3ed  around  high  temper.iture  .stability.  They  have  at  lea.st 
onc'  ind  ufter,  tw.;  powerful  oxidation  inhibitcrs  in  high  concentrations.  Normally  included  al.se  ar*'- 
nm-i'.l  qu.i.nt  i  ti  es  '-T  copper  eorro.sion  inr.ibitor  and  foam  inhibitor.  Some  <anti-wear  additives  are 
'.’1•■;lded,  i.sii.ally  quit-  larg-  eonc‘»r.trat  Ic.ns  of  .sT.-ipie,  relatively  unreaotive  phosphoru.s  additives,  sc 
.is  ri"’,  ti  destabi  1 1  i’.e  the  lubricant  .at  high  -  empcfatures .  Gear  oil  derived  products  by  contrast  ar'e 
bao-d  ibrut  ext  r'.'m*'  per-^sur**  requirements.  Th<;y  tend  to  contain  .standardised  extreme  pressure 
p  I  ,  'on*.  11  ni  r.g  a  b  i  ’  an  re  mixture  of  sul  phur-phosphorus  extreme  pre.ssure  additives,  oxidation 

inrtMtors,  rorrman,  ru.'-.t  ind  f-am  inhibitors. 

Ir;  ry  vi-w,  ,i.a  c*;-Mir:».-d  -ar'lier.  future  oils  .are  mvvre  likely  to  conrentrato  of  powerful  mixtures 
■if  tr;c'i  phv'"- ;;•!  j:;M-wer  .i  f.*;  t  i  vc.'’ ,  t-.-  achieve  reljabie  perform.'inco  in  the  range  of  gears  fou.hd  in  a 
hei  i  .■■j' V  msmi  r.-.i  .•f; .  !f  fr-'-.- j  fro-r)  trie  ultra  high  temperature  stability  requirement  of  ga.s  turbine 
olio,  -he.?-  ■•'ic..  !  r;-  T;  ;r--  r-.'i-tiv*/  .an!  thus  powerful  than  those  currently  employed  in  gas  turbines.  A 
m'Odi -lifr  f  idlitiv/i-  might  also  be  included.  Some  oxidation  inhibitors  are  likely  to 

be  r*";u  i  r-»-d ,  c  rdv  '  i':---  a'.dullty  but  al.so  to  improve  fretting  performance.  The  scime  degree 

I'f  cfaT .;s  1  or  c'.t  f./tm  nt  ‘.jrrwn?  1  y  found  in  ga.s  turbine  oils  Is  likely  to  bv  required. 

:  ric  ;«;:3-ur:-  1 -m  I-,--  i r.  t.n-  ,jrea  of  rust  inhibitors,  A  degree  of  ariti-rustii'.g  is  enquired  in 

I  i  „r-  t  r  e  r'm:  j..-:  '  qV.t--  large  quantities  of  water  are  known,  on  o.?c.anions,  tc  Dc  present 

.  8  usr  -.r-.b:'!'  r.--  bt.-  rv.^‘<-n  lubricants  for  helicopter  transmi  .ssl  on.s  (.,■’0-1.  1'l  would 

•.ig;.ly  :-n;  rub;  ••  if  • ;-*:q»;'-‘'d  d-gr--  of  rust  inhibitors  could  be  provided  by  phe  ba.se  stocks  and 
Kif -  wc  ir  » '.‘l;  ’ ;  v-o  .  i;  vernaM  v*^  i  .s  to  u.se  specially  added  rust  int.ibitors,  but  such  additives  are 

: ''mm 'ni  y  f.ii,!  t  ir.'.-rf-rc  pilt*  severely  with  the  .action  of  extreme  pressure  and  possibly  anti-wear 
rid;  • v-ii ,  ■•.mpi  i  rar.-.-’.  ih-  wnoie  oil  formulation  p/rox.’ess. 


pip*”'  ‘.1’  -x-ixtrpl  briefly  the  lubricants  currently  used  in  hel  i  copt'T  t  r  insmi  ssl  or.s  an'd  has 
br;'*';  '  -xp;-!,-  •--;r  .riglns  and  weaknesse.s.  it  hurj  '‘un-'!  u<!e »  rh-it  si  gr'ii  f  icant  per*  form  an  •'« 

;  mpr  '1  ir-  .  •  be  I'h.ievabie  if  firstly  the  requ  i  r*r»*.erit  f  ir  a  ''ommon  ••ngine,  transmi  sslori 

'll  1*’  1*  :  .•■  *  r-.lly  if  spec!  al  i.'^ed  1  ubr  i  cant  .s  .are  lienigned  f  i  ca  1  1  y  for  he  1  i  cx.>pter 

’  r  i' n.m T' I  no .  -•••rnii.-’  w  .nee  the  day  when  i  *'i'i>m.Tior,”  ne ;  i . -opt'-r  .'il  means  a  tailor-made 

•  r  tnom ) ->31  r.  i,  mm  ‘r;r:ui7h.  .t  NAT  no  i ;  cop* -r  ■'  r. -it  her  bf.in  •ri"  nr.ar-l  betwc-Ti  engine  and 

► !■'  ■■'m;  1  . 


I  he 
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3t  ir-;:!  i-1  .  r  s,?  :a-  j**  "Vi*.-:'  nave  fewer  limitations  thar, 

teats,  b'Jt  fiey  r:  *  us  ..-i'.  ,  .••<••■••  .-•rr.--  :  ■  tno  ■•1)  above,  t  ugh  s^arrie  ge  t-:-,*  .  ; 

3tep-wiao  I  n  Tr- .10.1'  rf  l:i.:  luring  i-.mM’..*.  However  j»r'  tests  are  not  sulte-i  I-.,  irr.-.-\ i'  ■.  .■■  . 

Oevel r.pment  w.m'k  airo-  tr-  L.  -M.  ^  -•  •  s'ly  «nl,  .:ue  to  inevitable  vari  itiona  it  J"  tr 

It  IS  M'tas  tre  lat  hc-r  •  a  vi^-w 
transTii  ssi  arts  ,  m  ur-*-  -irnpr;  is:  s  r.—'nia 
mariner  then  ,?r:  those  tnat  r*---*.'  ;v 
i.TJpl  1  (.-atj  on  13  *..hit  tre 
met  a'.  1  ur  gv  in.i  •• ';.-t  »t  i  rg  .  .•r-ai  t  ;  .a 
provi-ie  . 

A  se  .,f  Pests  JseH  by  the  aijth:-r  r'  is  tt.at  shrwr.  in  rigure  i.  It  has,  '-ff* 

love’s  of  s^;uffing  test  iepending  o;  trie  i-v-.-i  of  realism  .■rii  --ost  ;  apr-apri  ate.  Th-'- 
uses  a  four-ball  typ».-  of  rotating  arraiig'-meni  but  employs  spe.-imens  .f  th*-  i r.*  •■n  i--.i  g.-ar 
in  test  lubricant,  ouch  specimens  ar«a  most  •convotiier.tly  maj*.?  fr-am  bar  an  i  ir-  g"'>T' .r.  1 
as  balls.  This  implies  a  crosseJ  (’ylincjers  goomevry  t.-  giv*-*  <  .simpW  nor- '  ir.f-arr.; 'ig 
actual  '.'on*-*  an4  cylinder  arrangement  used,  snowr;  in  Figure  is  a  variant  'h  'res 
irra.'iged  for  ease  of  suppnjrt  and  a]  i gn.ment .  7.n«'  ufi'er  cone  i.s  rotat*'-.:  igairis*'  tn^  I  ,wer 

The  test  precoda-'e  involves  successively  increasing  ,otd  in  si  ig.es  witr.cat  ;ial*;-.g 
continuously  monitoring  friction.  Bulk  temperature  c•^r.  be  controlled  and  tr.e  luori-*:/,  i  ?■  --d  i.-r.-r 

required.  Typical  friction  traces  are  shown  in  Figure  ■».  30th  Ihi'ial  seir,'jr<-  ar. : ,  •.  I  •it  or  stag-', 

final  seizure  performance  can  be  g.aaged 

This  type  of  test  has  been  shown  to  grace  neiicopter  lubric.ant  s'ljffing  perTarn  in-*'* ,  in  .i  similir 
order  to  disc  machine  tests  for  a  range  of  lubricant.s  and  o?eratir;g  t'-’mperat  •.ir»^s .  It  has  prov-'- i 
valuable  In  screening  work  in  tne  early  st.ages  of  helicopter  transci  sslor.  oil  dcvel  op»T!«ril  and  also  in 
providing  rapid  assessment  of  candidate  oils  for  neli-copter  ase. 

The  next  stage  of  testing,  giving  more  realism  at  approximately  it  tires  the  ''cst ,  uses  scuffing 
disc  machine.  Here  two  discs  of  tne  intended  gear  steel  are  hydraul  i-.-ally  loaded  and  run  jnder  a 
slide-roll  ratio  appropriate  to  the  gears  being  modelled.  Oil  temperatur*'  is  .-ohtmdlcd  ,tnd,  agai:., 
the  load  is  increased  in  stages  a'ld  friction  monitored  until  scuffing  occurs .  Friction  tra-res  v.vry 
similar  In  form  to  those  in  figure  3  are  obt.ained. 

This  typo  of  test  has  been  shown  to  correlate  with  helicopter  gearot^x  tests  an.1  h.is  pr-.^ved  us-'‘rul 
as  an  intermediate  proving  st.age  in  lubricant  develcivnent  artd  also  to  explore  the  response  \A' 
helicopter  iubrioants  to  temperatur-^ ,  etc  (IG). 

The  highest  level  of  testing  involves  a  four  square  test  statid  with  1  tall  rotor  he!  . c<:.'pt‘.T  gear* 
box.  This  is  clearly  th‘'  m-ost  realistic  stage,  tut  tests  cost  approximate!  y  1G  times  ih.'ise  cf  the  dls.' 
machine . 

It  should  be  note-d  that  at  e.ich  stage  condition.s  are  .such  is  to  enaure  that  •■e.ili.stio  s—uffing 
performance  as  discussed  above  can  bo  me-asured  i.e. 

(,  1  )  Gear  steels  ^-f  th^'  appropriate  metalliirgy  are  used 

(ll)  The  test  temperature  is  contrvdied  at  an  appropriate  level 

(ill)  The  tests  are  continuous  and  -.f  reasonable  durition  thus  .allowing 

lubricant  chemical  films  to  develop,  where  possible,  before  .scuffing  conditions  are  rea,.'r.f-'-d . 

contact  Fatigue  Performance 

A  lubricant  can  influence  pitting  in  .at  l^.ist  three  different  w.ays.  Firstly  the  viscosity  and  the 
oressure  viscosity  coefficient  of  the  lubricant  determine  the  specific  film  thickness,  I.e,  the  ratio 
•  f  £HD  film  thickness  to  compo.slte  .surface  roughness.  Fatigue  life  is  critically  depended  on  specific 
film  thicknG3.s  f.li).  As  well  as  this,  however,  different  base  stocks  .and  additives  h.ave  also  been 
shown  to  Influence  fatigue  lives  independently  of  KHD  film  thi  ■Ckri*‘s.s  (1.‘)  ( 1  3) .  No  speoLfic  guidelines 
have  yet  emerged.  It  is  the  author’s  experience  that  ".intl-wear"  type  lubricants,  that  form  protective 
scuff- prevent  1  ng  rilm.s  on  surfaces  tend  also  to  •■■•xtend  fatigu**  life.  Kxtreme  pressure  additives,  which 
react  only  In  emergencies  and  which  ,are  corrosive  might  be  considered  as  far  less  likely  to  inhibit 
fatigue.  It  ha.s  be'-'d  shown  that  t.ie  friction  or  traction  properties  of  helloopLer  gear  lubricants  can 
vary  quite  widely  {'»),  but  this  has  not  yet  been  related  to  fatigue  i>errormance . 

A  third  way  In  whi^h  lubricants  may  influ<“nce  f.atigu^  is  by  ..containing  dissolved  water.  Very  small 
amounts  of  dissolved  water,  l^s.s  than  O.OIt  have  been  shown  to  cause  dramatic  reductions  in  fatigue 
life  (’U1,  :',cfne  synthetic  1  ubr i c.ant.s  such  as  esters  and  p<?lylRlycols  dissolve  at  least  ten  time.s  as 
much  water  -13  hydrocarbon  oils  under  similar  conditions.  There  Is  as  yet  insufficient  work  to  indicate 
whether  this  is  likely  to  be  importan*  in  practice,  though  worx  is  proceeding, 

dinc^-*  gear  pitting  is  '-ne  of  the  m..ir**  c^amm-.m  forin.s  of  dam.age  In  helicopter  transmissions  it  would 
appear  .supri.sing  that  pitting  tests  so  rarely  form  part  of  helicopter  lubricant  specifications.  Disc 
machines  have  been  used  successfully  m  test  for  the  pitting  performance  of  helicopter  lubricants  at  an 
intermediate  stag®  .^f  oil  develo^iment  and  th**  result.s  obtained  correlated  well  with  helicopter  gear  box 
’^►'st.s  (b).  The  Inf’iienr-e  of  vibration  aril  filtration  on  pitting  using  gear  steels  has  al.so  beer^ 

investigated  .j.sing  ii.s’  machines  1 Mb-,  The  superior  repeat  1  bl  I  i  ty  .and  econ<amy  of  such  disc  machine 
test.s  '’ompar*»d  to  gear  night  we;_i  mawe  them  suitable  in  type  approval  tests  for  pitting  resistant 

helicopter  gear  •.■'ils. 


-•o-rit  1  nousl  V  severe  conditions  f-:u: 
•ibri  ,‘.int:i  which  prev.>nt  .scif f  1  ng  i 
tv  an  "extrt.nne  pressure"  r’»-3pi'' 
l-ubri-tants  requires  a  test  ccq'ieri' 
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•  Ti  ri-v'r.  :  r!  ir.  i  i  i.^rn-snirig  helicoptof  tr’ansmissior;  [  abri  ,  -irrl  .re 

.  v*- ••  .T,.-  tjvfjf'-  rifw  1.  ut-r'i  cm.t.3  '.Tin  De  leaigned,  is  the  l  r  3L.it-«Me  te^ririg 

'jfr'ir.g,  ;-i’'i'ig,  JTii  Lr.g. 

Thi3  L'l'jci'.y  be  ;••••-!!  by  -x.tr'i  rii-'.g  ty;i  •«!.  r^iioopter  lubri  -^ting  oil  apeoi  f  i  e-:jt  ions .  Tnus  'rvoi; 
re,>:.r;t;  gas  tarbire-  '-.ils  .is  b-b-.;  •*.  ibd  rN./  RD  P.^97  each  contain  only  a  single  rci-itivoly 

unil-^n  and  ng  gem  .hi  i  •  ■••tfryir-g  tes' .  pitting  or  fretting  assessment.  Is  r*>qiiifed  it  ail. 

r*m;lor’v  tr.e  otily  ass  ur  test  .l^minhed  .if  V-JZ-  'iSl'j  lubricants,  r»'*ferf‘e'3  to  in  T-itle  1,  is  a 

mean  Hertz  loao  ’***'‘0x111  teat. 

in  this  sert.ion  th^  --lys  in  ^ni  -h  t;e:i:.  pt.*r  lubri. -ants  can  control  sn-uffing,  pitting  ind  fretting 
will  bo  di  .scns.sed ,  ni'i  ref^-rvnce  will  be-  made  t:  now  tlnesc  properties  c.nn  be  measured. 

Scuffing  Performance 

The  scuffing  performan-.-e  .^f  hcl  i  .'opter  gear  lubricants,  like  other  gear  oils,  Is  controlled  D/  the 
inclusion  of  additives  whic.n  react  with  not.  rubbed  steel  surfaces.  Without,  such  react  ion. s ,  heavily 
loaded  gear.s  with  .significant  sliding  w;uld  scuff  very  rapidly. 

Two  ahti-.scurr  .additiv-s  are  com.morily  differentiated,  "extreme  pressure"  and  ".anti-wear"  additives 
and  both  ire  to  be  found  in  oils  cmrenily  □s'^d  in  helicopter  transmtssion.s .  The  distinction  is 
somewhat  arbitrary  and  diffuse,  but  broradly  speaking  extreme  pres.sure  additives  react  by  ohecKing  the 
Jevelo{jment  :'f  incipient  S''urfirig  whereas  anti-wear  additives  prevent  scuffing  from  arising  at  all. 

Extreme  pressure  a-lditives  .ar*^  chosen  to  react  very  quickly  with  the  torn  and  excessively  hot  metal 
surfaces  produced  w.nen  scuffing  bHgin.s.  Th.p  resultant  reacted  l.ayer  is  significantly  abraded  but, 
being  weak,  friction  is  lowered  -.ind  the  process  of  scuffing  is  checked  at  the  expiense  of  he.avy  wear. 
This  'type  of  scuffing  resistance  is  •lir.*ctly  me.isured  in  i*-bail  tests,  which  rub  a  series  of  metal 

.s-amples  together  it  a  succes.sion  •.■f  ioacis  for  short  periods,  to  find  tne  maximum  load  survivable 

without  welding.  Tho.se  h'^licopter  ge-ar  lubricants  which  derive  fftm  automotive  or  lndustri<al  gear  oils 
normally  contain  extreme  pressure  xidditives. 

Anti-wear  additives,  by  contrast ,  -are  designed  to  build  up  a  protective  low  friction  film  on 
rubbing  surfaces  under  normal  running  conditions.  Because  these  films  are  not  high  iron  content 
corrosion  products  they  do  not  re.sult  in  significant  loss  of  .sliding  m.iterlal  -  hence  anti-wear. 
Although  such  steady  film  formation  at  norm.al  operating  temperatiir'^s  ks  traditionally  named  "anti-wear" 
it  can  also  be  very  effective  in  raising  the  scuffing  load  of  a  gear  system.  U  has  been  known  for 
sometime  that  quite  thick  chemical  films  grow  on  rubbed  surfaces  (6), (7), (8)  but  recent  work  suggests 
that  these  may  be  more  substantial  and  protective  th-sn  previously  recognised  (9).  Helicopter 

lubricants  derived  fr'jm  gas  turbine  oils  tend  to  oont.airi  anti-we.ar  additives.  Extreme  pressure 
additives  would  destabilise  the  lubricant  and  cause  excessive  corrosion  at  the  high  temperatures 

prevelant  in  an  engine. 

Tear  lubricants  are  normally  developed  using  a  combination  of  simple,  standardised  scuffing  tests 
such  us  the  4-bali  or  Timken  le.st  for  screening  work,  followed  by  ge<ar  rig  tests  such  as  the  lAE  ,  FZG 
or  Ryder  at  later  st.igeo  of  development.  It  m.akes  some  .sense  to  develop  a  helicopter  lubricant  for 
good  scuffing  performunce  in  the  first  instmoe,  even  if  pitting  is  a  commoner  mode  of  failure  in 
prac.,ic«.  Tnore  is  no  doubt  that  helicopter  transmissions  often  operate  close  to  their  scuffing  limit. 
Al.so  scuffing  -.ests  -nr*-  ••juickiy  and  easily  carried  out  in  screening  work,  whereas  pitting  tests  are 
time  i;'.>n3iiml  ng  md  sh/W  high  sca?.t-'r.  I»  is  also  the  -Juthor's  experience  that  -a  lubricant  with  good 
intiscuff  performance  In  g*.Mrs  tends  '  <•.  w  go  contact  fatigue  properties  (*>). 

A  p''''-ri  with  ;vr*-ening  r,c;-.t.s  T'-r  c-iffing  wi.en  a[-pli*->d  to  h*^  i  i'-'opter  oils  is  th.at  m-ost  such  tests 
wf-re  d<*.sign*d  r.‘-.isur‘>  t,n-’  .scuff  ir.g  resistance  of  .iutomotiv**  hyp<5id  g*?.ars  and  thus  tend  to 

■.'on'‘''‘*nt r at •*  on  the  •-•x’‘'“m’’  pressor*,  type  of  s  -uffing  prcv«.*nt.ion  outlined  .above. 

The  u.s*’  of  ‘J-Dali  .-ind  m<.ist  ot‘;er  sirnf.-le  test.s  ha.s,  thus  in  t  h«  authors  opinion,  tended  to  lead  to 
*  h*.'  iev-I  r  ^eient  '■•f  g‘ar  )ii3  with  extr-mie  pren.s.ir«  criar.icL«r  i  .st  1 1;:5 ,  i.e.  the  .ability  to  survive  the 

imnedi  itc  ippi  i  1  :n  ..'f  <-xt  remcl  y  high  .sliding  l.uads  by  a  proee.ss  ..f  re;.'overy  frxn  in-'lpl-^nt  si-uffirig. 

Tni  .a  miy  be  jppr-';  r :  *••  to  the  negligible  oil  film  thickness,  low  sp*.“-*u-r.i  gii  conditions  t'f 

cjtom.^iv..-  hyp-  Id  ge.,;*  t.ur  iri  l‘*s.a  so  t.c  th'-  cont  i  rious  I  y  dem-an  ii ':g .  higr.  load,  mixed  HM:'  r*-*girne«  of 

•'ll  •  r  c;sm  i  .as ;  -T: .  Wh.«t  Is  r‘*ui!y  n*'eded  f"r  thes-  .sy.st'-Tis  .ir-*  s 'liff- prevent  i  ng ,  anti-wear 

■  filT.a,  vost  simple  s;.-jfring  t'^st.'  .lo  ni't  .a-iequat  y  T.ea;.a. ir**  th'*  ahilit.y  •■•f  i  1  i,t-ri  •' itC  t  iov'.-Ix’';’ 
if  f  -  ;  r*' V‘'r.-  i -ig  films 

,  ,«;•  r  «ri!.*r't  a  time  (It  s»**M'n'1s  for  'i-ball  test  ' 

r'.-’y  :ft‘“fi  .3’  art  i  mmed  i  Ht.e|  y  fr..ain  a  high  load  .s  1 1  ua*- i  o.ri ,  wt.irh  is  t  *•  s<*v'*r»-  f\'''  su''h  films  to 

,r-t  •  5*-v.-*;  p 

'1'.-  • it  ir-n  u.-.-^d  ar*’  'ften  not  suf  f  1  .’i  ert  1  v  high 
],  m*'M;iurgy  •is.-i  i -a  ijrir'Mlt  St  I  •  '.f  the  ge,ar3  for  which  tti».‘  I  utm  j  o.int  1 :5  i  *it -.-nd-d 

rn**  :  r  • 'T  'w.  Ir.ts  ir*'  im}>)rtint  sinc^  It  .appe.jr.s  th.at  th»*  ror'm.aM>r  -f  jr-a  ••-•ti  v^  anti-wear  or 

"  .)r- iff  -  pr  •?  v'-'Ot  i  r  g”  films  is  more  sensi’iv'’  \r  bulk  temj'verature  and  m**  tV  •  ype  >  nan  norm.al  exir‘'mie 

P''t'srijr*“  r».a-M  'hs,  wn*-*re  the  eni'>rm' lus  i  y  high  surface  temperat 'ires  •  »' a  -ne  l  .aftiT*  souffing  st.arts 
.j  verwhe  I  m  an  y  t  h  l  ng  *.•  I  :ae  . 

'■^cre  w*->ir  ’“Sts  ij.se  ex’en;**!  runs  -ai-  -yiri’ ol  I  e<l  ’  e-mpier  at  ures  ,  rulfiliing  .s  :xT;e  .>f  r  he  mqul  rr-ments 
ils’.ed  at'*.'Ve,  bjf  '  h*'*y  I  *‘0 1  Tv-t  5  .  “Xplore  the  scuffing  limits  if  l  ubr  i  "aMts ,  tM,j*  rather  to  stay  at  a 
•3  1  rgl  e  ,  ••'.'Wer  i  '  a  j , 


-•  •■■.r.  i*  i  .Ti  r.  ’f-vinr.  of  view,  a  requirement,  common  to  d'roraft  an-:  n-l  i-  v.-r  > ,  i  r-  ‘r.:’.  *  •  •• 

:  ^.vri  •n)':  be  effective  over  a  wide  range  of  external  t*fmp#?r  itoren ,  fr .  •'  • 

A  ri’.il  r  ii  Tit  .'ften  Impxosed  for  logistic  convenience  is  that  the  oil  bo  common  t'O  gia 

-'..Tir,-''  ir-.  :  •  r-insT.issi ’n.  Military  operators  prefer  a  common  oil,  and,  wh-t-re  posoitlf',  tnis  r.a:^  t-.-.-r, 


1  •i>‘r..tir.g  cotistra'.  nts  outline'l  above  ai’e,  to  a  great  extent,  oontradi  ct-jry  in  tn*-  T--r.  in  is  t';-!’- 

rt-"  high  and  low  speed  ends  of  the  transmission  impose  rather  different  requi  r‘?ments  -  A  r'.i  gn 
tr -insmi  33iori  »ble  to  cope  wjth  a  wide  temperature  range  suggests  a  low  pour  poli'.t,  h:gf,  VI  fluid  »;th 
moderately  low  viscosity  at  100°C  to  reduce  churning  losses  and  to  ensure  provision  of  the  lubrication 
where  required.  However  low  speeds,  high  tooth  stresses  Indicate  a  viscous  oil,  capable  of  generating 
an  BIHD  film  between  gear  teeth  even  at  low  speeds.  Such  an  oil  will  also  provide  a  degree  of  vibration 
damping.  For  the  transmission  generally,  a  high  degree  of  chemical  activity  is  Implied,  to  provide  the- 
required  boundary  Lubrication  involved  in  a  low  specific  film  thickness,  heavily  loaded,  high  sliding 
system  with  probable  misalignment. 

Far  more  contradictory  than  the  demands  of  the  different  parts  of  the  transmission  system,  however, 
is  the  clash  between  gas  turbine  engine  and  transmission  requirements.  Oas  turbine  oils  are 
necessarily  low  viscosity,  very  chemically  stable  products,  able  to  cope  with  the  extremely  high 
temperatures  in  the  engine  without  coking  or  other  degradation.  Their  intrinsic  bo-undary  1  u’-r  i  cat  i  on 
needs  are  smsall  which  is  just  as  well  since  the  addition  of  active  anti-wear  and  extreme  pressure 
additives  generally  tend  to  limit  hi^  temperature  stability.  By  contrast  low  speed,  heavily  Loaded 
transmissions  need  both  high  viscosity  and  reactive  addlttve.s  to  cope  with  the  mixed  FHD-boundary 
lubrication  conditions  involved. 

The  features  of  an  oil  which  will  meet  the  requirements  ^'or  a  transmission  system  as  outlined  above 
will  be  discussed  later,  but  it  should  be  noted  that  the  OwS  listed  In  Table  1,  and  currently  used  to 
lubricate  helicopters,  are  not  ideal.  The  mineral  oils  do  not  meet  the  required  low  temperature 
characterl  sti  cs ,  8cS  at  100®C  implying  a  minimum  operating  temperature  of  -  and  l7.5cS  a  minimum 
temperature  of  -15®C.  In  the  case  of  the  heavier  oil  this  mean.s.  In  practice,  change  to  a  lighter  oil 
for  cold  conditions  which  is  a  most  undesirable  feature.  Also  the  additive  packages  used  in 
conventional  gear-box  lubricants  do  not  provide  continuous  protection  over  the  intermediate  to 

90®C  bulk  oil  temperature  range  often  found  In  helicopter  transmissions  (3). 

The  esters  have  low  viscosities  and  tend  to  give  low  EHD  film  thicknesses.  This  is  compensated  for, 
to  some  extent,  by  anti-wear  additives  and  one  or  two  commercial  products  are  quite  effective  (i)- 
Unfortunately  those  products  which  give  the  best  transmission  performance  tend  to  give  the  most 
problems  in  engines,  due  to  the  trade-off  between  chemical  reactivity  and  stability. 

It  should  be  clear  from  the  above  that  the  helicopter  lubricants  currently  used  do  not  match  the 
specific  requirements  of  helicopter  transmissions.  Clearly  they  work,  or  helicopters  would  not  fly, 
but  the  inadequacies  of  exl stl ng  hei Icopter  lubricants  Is  illustrated  by  generally  low  TBO’s  (3),  with 
life  limited  usually  by  either  bearing  failure  or  gear  pitting.  Mlcropitting  Is  frequently  found  at 
overhaul  and,  less  frequently,  scuffing.  Further  evidence  that  current  helicopter  lubricants  are 
operating  near  their  limits  Is  their  tendency  to  scuff  when  other  transmission  problems  arise.  These 
inadequacies,  in  the  author's  view,  reflect  the  use  of  oils  developed  for  other  purposes,  which  have 
not  been  designed  to  the  particular  needs  of  helicopter  transmissions. 

As  well  as  low  TBO's  and  extensive  replacement  at  overhaul,  a  secondary  effect  of  using  indifferent 
lubricants  is  the  barrier  It  puts  on  new  transmission  design.  There  is  a  natural  reluctance  to  design 
for  higher  stresses  or  gearbox  temperatures  when  It  is  recognised  that  current  lubricants  are  alrcvady 
close  to  the  limits  of  their  performance. 

It  Is  the  author's  opinion  that  substantial  improvements  in  helicopter  transmission  lubricants  can 
be  made,  but  only  If 

(1)  The  necessity  for  a  common  engine,  transmlssian  oil  Is  discarded 

(il)  Lubricants  are  designed  specifically  for  helicopter  transmission  systems  rather  than  merely 
being  modified  from  existing  lubricants, 

Th**  requl  rement  of  a  common  oil  is  not  actually  widely  observed,  but  Is  Ingrained  deep  In  UK  and, 
particularly  US  military  thought.  One  reason  for  this  is  the  apparant  success  of  tne  common 
engl  ne/ transml  33i  on  oil,  MIL-L-210WC  In  military  vehicles.  It  is  the  oi.):itent  ion  of  the  author  that  gas 
turbine  and  helicopter  requirements  are  so  different  that  the  i n<^v’ taol r  weaknesses  of  a  common  oil 
Outweigh  the  advantages  of  commonality. 

advantages  of  a  separate,  specially  designed  helicopter  transmission  iubri  'ant  were  first 
re'ognised  In  the  UK  some  twelve  years  ago  and,  with  the  supjiort  of  th*  Ministry  of  Defence,  have  l^d 
r.  !  the  development  of  an  experimental  helicopter  transmission  lubricant  ('»).  qom--  ->f  the  thinking  and 
method  Involved  in  this  development  will  be  discussed  later  In  this  papier .  Si  gn  i  f  1  cant  1  y ,  during  the 
last  18  months  a  similar  development  program  has  been  Initiated  in  the  Uf., 

It  Is  iinsuprlsing  that  such  Initiatives  have  come  from  the  Services  and  friim  nello'^pter 
manufacturers  rather  than  from  lubricant  suppliers.  The  small  quantities  of  oil  Involved  coupled  with 
the  very  high  costs  of  lubricant  validation  in  helicopters  makea  the  development  work  involved 
unappetising  for  the  major  oil  companies. 
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SUMMARY 

This  paper  outlines  the  problems  associated  with  the  lubrication  of  helicopter  transmissions.  It 
then  discusses  how  helicopter  lubricants  are  likely  to  change  over  the  next  decade. 

For  many  years,  helicopter  transmission  reliability  has  suffered  both  in  the  UK  and  tnc  USA  from 
the  requirement  that  the  oil  be  common  to  both  the  trahsm'ssion  and  tne  gas  turbine.  In  practice, 

certainly  in  the  UK,  most  helicopters  do  not,  in  fact,  use  a  common  oil.  The  UK  helicopter  industry  is 

in  sympathy  with  the  logistic  advantages  of  minimixing  the  number  of  oils  stocked  but  feels  that  this 
could  be  more  successfully  achieved  by  adopting  a  single  transmission  oil  for  all  NATO  helicopters-  It 
now  appears  that  this  is  now  being  considered  as  a  practical  alternative  on  both  sides  of  the  Atlantic. 
In  the  UK,  the  MOO  has  funded  the  successful  development  of  a  helicopter  transmission  oil  in 
anticipation  of  such  a  move.  The  USA  after  many  years  of  being  antagonistic  towards  separate  gearbox 
and  engine  lubricants  is  about  to  embark  on  a  relevant  oil  development  progra.m. 

Another  likely  change  over  the  next  few  years  is  the  move  towards  a  higher  temperature  transmission 
oil,  as  the  amount  of  external  cooling  is  progressively  removed.  The  British  helicopter  industry, 

supported  by  the  MOD  is  actively  engaged  in  developing  new  oils  to  meet  this  requirement. 


INTRODUCTION 

The  last  30  years  has  seen  the  use  of  a  wide  variety  of  helicopter  transmission  lubricants.  The 
eiTllest  types  of  helicopter  in  this  period  were  powered  with  piston  engines  and  thus  generally 
employed  a  mineral  oil-based  piston  engine  oil  in  their  transmission  systems  (1). 

The  introduction  of  gas  turbines  in  the  late  1950*3  led  to  a  considerable  degree  of  divergence. 
Some  helicopters  adopted  a  common  gas  turbine  engine,  transmis-slon  oil.  They  thus  used  mineral  oil,  and 
later,  synthetic  type  I  ester-based  gas  turbine  oils  in  both  engine  and  transml ssion .  Others  continued 
to  employ  mineral  oil-based  gear  lubricants  but,  with  the  piston  engine  compatabi 1 l ty  lifted,  were  able 
to  Choose  from  a  wider  viscosity  range. 

Problems  of  oU  loss  In  combat  conditions  in  the  late  I960’s  led  to  the  development  of  greases  for 
consideration  as  transmission  lubricai'.ts  In  small,  non-ctrculatlng  gear  boxes  (^).  These  greases  did 
not,  however,  become  at  all  widely  used.  In  the  I960's  high  performance  gas  tiirbines  were  introduced, 
the  operating  temperatures  of  which  required  the  use  of  ScS  hindered  ester  gas  turbine  oils.  In  some 
helicopters  these  lubricants  were  made  common  to  both  engine  and  transmission  systems.  Recently 
gas  turbine  oils  have  been  used  by  French  operators  in  a  few  gearboxes  (3). 

There  is  thus  now  an  enormous  diversity  of  helicopter  lubricants  in  use.  Table  l  shows  the 
lubricants  .-urrently  employed  in  the  transmissions  of  just  one  UK  based  helicopter  manufacturer  (?). 

A  feature  of  ail  the  oils  listed  in  Table  1,  and  similar  lists  compiled  by  other  -juthorf^  <ij),  is 
that  none  has  been  specifically  developed  with  a  helicopter  transmission  in  mind.  As  shown  in  Table  i, 
all  were  designed  initially  for  a  different  role  and  were  later  ad->pLe.l  ifi  helicopter  tr.in?mi  ssi  ons 
with,  at  the  m^st,  minor  modifications.  There  are,  broadly,  two  types,  conventional  mineral  oil-bas-^d 
gear  lubricants  and  ester-based  gas  turbine  oils. 

This  paper  examines  the  problems  as.sociated  with  helicopter  transmi  ssion  lubricates  tnd  reijtes 
these  problems  to  the  rather  ad-hoc  way  in  which  helicopter  transmission  lubricants  have  derived.  it 
suggests  how  the  situation  is  changing  and  looks  forward  to  spet^i  f  leal  I  y  designed  snd  improv-'d 
hel i copter  1 ubri cants  . 


REQUIREMENT;-;  OF  HELICOPTER  TRANi:MISSlUN  LUBRICANTS 

Helicopter  transmi  ssl  ons  provide  particularly  exacting  conditions  s.:  far  is 
concerned,  overall  weight  control  In  helicopters  is  strlng‘’nt,  whl;h  mearjn ,  firs'iv 
power/mass  ratios  are  high  while,  secondly,  the  3trvJCtur>'  in  whi-h  tn**  tr.msxissl 
quite  flexible,  i.ocallsed  tooth  stresses  .are  thus  severe,  vnriabl-  »fii  s  vn-'w‘n?  ,• 
degree  of  ml  sal  i  gr.m*nt  is  Inevitable. 

Another  feature  of  helicopter  transmissions  is  that  the  -v‘-r  r;  •  ••  iu  ' 
approaching  100  to  1.  Typical  reductions  are  from  .’OOOOrpm  ti>  •i  't,-- 

reduction  Is  In  the  engine.  Such  a  wide  range  of  speed  con-li  ti'.'MS  ww.ii  1  i  ••  «.;>  •••■ 
than  one  lubricant,  but  this  is  not  generally  a  pract  i  cable  sOum..?,.  yn.' 
gears  in  some  helicopters  has  led  to  continuoiis  high  aiidirig  ns-e.- j  ;•  • 

gear-box  temperatures  are  70  t.c  ,  but  reach  1 30h>r:  in  w  jrmer  '-I  im  . 


;  ijhr 
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A  insonorisation  cgale,  la  prise  en  compie  dc  I'objectif  de  reduction  du  bruit  des  la  romeption  de  la  BTI^ 
a  permis,  sans  aurun  doute,  de  rendre  ia  ger>e  audilJve  des  passagers  nioins  grande  sur  les  heln  optores  de 
nouvelle  generation.  Le  resultat  suivant  en  temoigne  :  dans  la  cabine  de  I'Enireuil  faiblotncnt  msor^onsee,  lo 
niveau  de  bruit  esi  dc  79  dF\  SIL  en  vol  de  croisicre  et  de  73  dR  SIL  en  vol  stationnaire. 


5.  CONCLUSION 


Au  roars  des  dix  dernieres  annees,  la  conception  des  sysiernes  de  transmission  a  connu  une  evolution  fasorable 
se  traduisant  sur  la  nouvelle  famille  d'helicopteres  que  TAerospatiale  a  mis  en  service,  par  une  plus  grande  so<  ante, 
une  fiabilite  accrue  et  une  amelioration  du  conlort.  Les  resultats  des  travaux  actuels  de  recherche  laisscnt 
deiii  prosager  que  d'autres  progres  inierviendront  dans  ces  dornames- 


DISCUSSION 


J.Godttlon,  US 

Ytni  menlioned  lhat  synthetic  oils  arc  used  in  your  transmission  systems.  Why? 

Is  the  ttil  (lubrication  system)  separate  from  the  mott>r  and  from  the  engine? 

What  will  he  liie  future  for  sytithetic  oils  if,  in  fact,  (he  systems  arc  separated? 

Author's  Reply 

1 .  Why  do  we  utilize  synthetic  oils  in  the  transmission  system? 

The  synthetic  oils  are  utilized  because  they  arc  available  everywhere  in  the  world.  In  addition,  they  have  the 
qualities  required  in  turbine  oils  (stable,  with  unstable  temperatures  from  — 40*C'  U)  +  liut.  they  also  have 
their  defects;  their  weak  load  capacity  in  gear  mesh  and  rolling  element  applications.  From  this  point  of  view, 
mineral  oils  with  additives  are  much  better  for  transmission  boxes. 

It  will  be  desirable  for  the  future  to  develop  a  synthetic  oil  which  combines  the  qualities  of  goovl  siabiliiy  and  good 
kiad  capacity. 

2.  Arc  separate  lubneaiion  system.s  u.sed  for  the  transmission  boxes  and  the  motor'.’ 

Yes.  for  reasons  of  securiiv  and  accessibility. 


♦ 
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FIGURE  12  -  B.T.P.  SUPER-PUMA 


La  figure  12  est  un  exemple  significalif  de  recherche  de  reduc  lion  du  nombre  d'as?.efnblages  ivaieurs  par  boulons 
et  pions  de  cisadlcment,  applique  a  la  BTP  Super-Putua.  Par  rapport  a  la  hTP  Puma  d'architecturc  similaire. 

3  liaisons  ont  etc  supprimees  grace  a  I’uttlisation  de  la  soudure  par  fatsreaux  d'elcc  irons.  Ce  procede  est 
maintenant  blen  rnaUrise  et  permei  des  soudures  dont  I'epaisseur  pout  attcindre  10  rtirn  dans  dcs  zones  chargees. 

Cette  solution  apporte  un  gam  de  masse  important  par  rapport  aiix  types  c  lassiques  de  liaison,  en  plus  d'unc 
amelioration  mcontestabJe  de  la  ftabihte  en  service. 

En  ce  qui  conrerne  Ics  engrenages  et  Ics  roulemenis.  lour  fiabthte  prcvisior  nolle  a  oto  ameliorec  des  la 
conception,  par  one  baisse  volontaire  des  charges,  ot  par  I’emploi  do  I'ac  lei  M30  VIM  VAR  pour  certains 
roulements,  et  de  i’acicr  nitrurc  32  CDV  13  plus  pour  certains  engrenages. 

Cos  a<  lors  apportent  unc*  augmentation  importante  do  la  dur<'o  de  \  lo  I'lO  dc-s  roulcineius  (tai  tour  cm  \  iguour 
■i  AS  :  3),  ot  do  la  rosjsianco  aux  avanos  supcTln  i<*t|es  des  dc*ntiir<'s  (pr»-  sn'n  de  Mi'n/*  fnaxi  jihiussihlt' 
irnolioroe  de  20  %).  La  »  ombinaison  do  la  rofliK  tion  des  <  harges  «  t  de  r«-TTi|)(oi  de  iii.iteriaux  plus  ()erfor?Mants 
ovito  la  porto  do  masse. 

4.3.  Bruit 

Depuis  plus  de  10  ans  unc  imp>ortance  <  roissanie  est  ai « ordoo  a  la  rodtution  du  bruit  ntorno  ;  il  est  gencre 
en  partie  par  la  BTP  dont  certains  engrenements  produisent  dos  rates  ass«v  pou  tiltrees  "iOO  a  3000  H/  dans 
leur  cheminement  gisqu'a  la  cabine,  lorsqu'il  n'y  a  pas  d'lnsononsation  additionnedo. 

Les  caracterisiiques  des  engrenements  et  plus  partn  ulierement  <  elles  d^^  <  ouplos  spirii-t  uniques  dc-s  BTP 
Ecureuil,  Dauphin  et  Super-Puma,  ont  etc  <  hoisies  de  tc*lle  sorte  quo  los  rapports  dc*  roi  ouvrotnent  soieiit 
iargement  superiours  a  2.  Nous  avons  ainsi  obtenu  une  rodm  licMi  sens>ble  des  emergen'  es  sonor,  s.  Par  ailleurs 
un  rosultat  favorable  a  etc  attoint  ro«  ornmont  sur  Daupfun  grarc'  a  la  nusc  <‘n  servur  d'uno  denture  dc*  tram 
opiryrloldal  dont  le  rapport  dc'  (  ondiiito  ost  suporiciir  a  2. 


* 


FIGURE  10  -  COMPARAISQN  DES  CHAINES  CINEMATIQUES  ECUREUIL  y  ALOIJETTE 
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11  cotnportc  notarnnicnt  2  poni[>es,  I'unc  alimcntani  Ic  nrcujt  de  relroidi-sscmcnt,  Tautre  alimente  un  (inuit 
rcstani  a  I'lnterieur  de  la  BTP  ct  qui  rejoint  dircrtcruent  le  filtre  d'cntree  BTP  sans  passer  par  un  c(  han^our 
de  ref roidissenient. 

En  fonctionnement  normal  (a  pompe  de  secours  n'alimente  pas  le  circuit  de  graissage.  du  fait  d'un  clapet 
anti-retour  installc  dans  Ic  filtre  et  de  la  superiorite  de  la  pression  dclivree  par  le  circuit  principal,  de  I'autre 
rote  de  cc  clapet. 

Le  niveau  d'aspiration  de  Thuile  dans  le  fond  de  boite  est  plus  bas  pour  la  pornpe  de  secours  que  pour  (a  poinpc 
principale. 

I'n  systeme  d'obturation  commande  par  la  pression  de  sortie  de  la  pompe  princ  ipalc  est  nicnte  a  I'entrec  de 
la  pompe  de  secours,  et  ouvre  Taspiration  de  *  -^lle-ci  en  ras  de  baissc  dc  pression  sur  le  circuit  print  ipal. 

Ce  double  circuit  couvre,  de  par  sa  conception  et  scs  moyens  de  surveillance  (Voir  figure  9).  Ics  cas  de  pannes 
suivants  : 

-  panne  de  pompe  principale  ou  secours 

-  fuite  d'huile  sur  le  circuit  exterieur  de  refroidissement 

-  fuite  d'huile  lente  aux  joints  dynamiques  dc  la  OTP. 

Dans  tous  les  cas,  sauf  la  panne  de  pornpe  de  secours,  on  perd  !c  relroidissenieiit  par  ec  hangeur. 

Nous  avons  domontre  sur  un  banc  avec  rotors  que  cette  perte  ne  rernct  pas  en  cause  le  bon  torn  tionnernent 
de  la  boite  pendant  3  heures  au  moms,  rnalgre  la  temperature  asse/  elcvee  atteinte  par  I'huilc  (200  a  2^0®C  ). 
Par  ailleurs,  il  se  trouve  que  pendant  ret  essai  de  simulation,  unc  fuite  d’huile  aux  )oml  dynamique  d’unc 
entree  grande  vitesse  s’esf  produite,  entramant  une  (hole  progressive  de  la  pression  PTP.  du  JaJT  de  )j  pene 
d'huile.  Ceci  n'a  pas  compromis  le  fonctionnornent  ct  a  rendu  I'cssai  encore  plus  denionstratif  de  la  tolerance 
du  systeme  dc  lubrification  aux  divers  cas  dc  pannes. 

L  n  resultat  tout  aussi  favorable  a  ete  obtenu  sur  un  helit  optero  Dauphin  attac  he  au  sol. 

II  est  Clair  que  ces  doubles  circuits  de  lubrification  apporteni  un  avantage  important  par  rapport  aux  f'Tl' 
d'hc'licopteres  de  I'ancienne  generation  dont  les  c  ir<uits  sont  uniques.  Noanmoins.  le  cas  de  panne  ie  plus  scsen- 
de  perte  totale  d'huile  n'est  pas  couvert. 

Nous  nous  sommes  soucies  de  cettc  panne  des  la  conception  des  dillerontes  IMP  en  ulilisant  notamment  pour 
la  fabrication  des  engrenages  et  roulernents  les  plus  critiques,  des  ac  lers  et  traiiernents  tlicrnuquc's  dont  los 
caracteristiques  mccaniques  sont  conservecs  pour  des  temperatures  elevecs  : 

-  500®C  pour  les  engrenages  mtrures  en  acicr  ?2  CDVl  3 

-  UOO'^C  pour  les  roulernents  on  acicr  rapide  M50  VIM  VAK. 

Cos  materiaux  oni  apporte  unc  amelioration  sensible  :  les  ossais  dc  simulation  de  perte  d'huile  ont  donne 
d'exrellents  resultais,  le  meilJeur  ayant  ete  obtenu  sur  ATP  Ccureuil  bi-moteur  :  elle  a  ionctiotme  corrcrterncni 
pendant  2  heures  sans  huile. 

Dans  ce  cas  extreme  comme  pour  les  autres  defaillanccs  evoquccs  precedemmont,  on  peut  mesurer  le  progres 
significatif  accompli. 


^.2.  Fiabilite 

Les  elements  determinant  en  grande  pariie  la  fiabilite  d'une  BTP  sont  :  les  roulernents,  les  engrenages, 
ies  liaisons  par  cannelures  ou  boulonnecs  et  les  joints  d'etanrheite  dynamique.  “Mors  que,  pour  ces  derniers, 
on  peut  gcneralcmcnt  tolerer  une  perforrnanc  e  mediocre  car  Pechange  de  join*  est  faisable  sans  depose  de  la 
boite.  Id  defaillancc  des  autres  elements  est  beauc  oup  plus  penalisante  car  cH?  Implique  bien  souvent  une 
dc’poso  prematuree  de  la  RTP. 

Lors  de  la  conception  des  HTP  de  la  nouvelle  generation,  nous  avons  considerablement  favorise  I'objectif  dc 
fiabitite  en  recherchant  la  sitnplicite  par  la  reduction  do  nornbre  d'ensembles  mecaniques,  de  rouh  ments, 
d'engrenages  et  de  liaisons,  et  en  adoptant  des  materiaux  et  traitements  plus  performants  pour  les  engrenages 
el  les  roulernents. 

L'architecture  du  systeme  de  transmission  dc  I’Ecureuil  Ab.3^0  (figure  10'  ct  la  BTP  sont  2  exemples  illustrant 
notre  recherche  dc  simphcite.  On  note  en  romparaison  avec  TAlouctie  qne  dans  la  chaine  cinematiq^ue  Ec  ureuil 
il  n'y  a  pas  d'embrayage,  ni  arbre  de  transmission  arriere  a  cardan,  ni  couple  comque  de  renvoi  arriere  dans 
Id  BTP. 

Le  nnmbre  do  piece's  majcures  et  assemblages  est  2,'i  feus  plus  luihlc*  diins  une  BTf’  I  <  urouil.  ori  i  omparuison 
avec  la  boite  Alouette  (Voir  figure  II). 


LES  PROGRES  REALISES  PAR  RAPPORT  A  LA  GENERATION  PRECEDENTE  n’MELlCOPTERES 


4.1.  S^urite 

Nous  savons  lous  quo  la  lonctton  reniplu*  par  los  systernes  do  transmission  cst  vjtalo  .»  dj\crs  dcgrcs  c-t 
jnipljquc  que  Ics  /nargcs  do  st-«  urito  soionl  parfailernent  rnaurisocs,  on  lo  qui  <  on<  orno  Ics  en^ronayjcs  ot 
les  arbres  de  transnussion  . 

Dans  CO  but  loutes  los  boites  dorrjtcs  pro<  edenunent  ont  oto  sounusos  a  dcs  ossais  do  tati^uo  sur  barns 
do  niisc  cn  charge,  a  un  niveau  de  puissan<e  e^al  a  1,4  fois  la  puissam  o  n.axi  on  utilisation  bi-fuotour 
et  monomoteur,  pour  ur^e  duree  correspondant  a  2  megat  yclos  sur  le  pignon  le  plus  lent. 

Les  arbres  do  puissance  et  les  portc-salellitcs  des  trains  opu  ycloldaux  ont  ou'  aussi  oto  sourins  a  dos  ossais 
de  fatigue  vibratoire  et/ou  tcmporaire,  lustifiant  des  marges  do  sc<urit<-  d<*  2  par  rapport  a  la  limito  do 
fatigue  moyenne. 

II  cst  tout  aussi  notoire  pour  des  sper  lalistos  que  la  sccuritc  cst  rruso  cn  r  auso  asso/  ra[)idoriiont  [>ar  ia 
defaillance  du  systeme  de  lubnfication  de  la  I'TI’. 

La  figure  9  montrc  le  double  circuit  de  lubrifn  ation  de  la  IMP  Super-Puma.  I  n  systorno  sombiable  a  oto 
developpc  pour  la  RTP  Dauphin. 


Los  tigurcs  7  rt  &  il!us!ront  Ic  svsteine  de  transmission  du  Super-Panid  .AS. 332  cf  Tare  turo  micrnc  dt*  )a  l^TF, 


On  rcritarquo  quo  les  n^otcurs  soni  devani  la  hTP  et  entrament  dircctcmcfit  la  boito  a  )a  vjiosse  do  rotation  do  la 
turbine  irbre  22800  i/mn. 

Apros  Ic  prerruer  ctage  r)hndnque  belK'oIdal  "haute  vitesse",  sent  placecs  Ics  roues  libres,  puis  I'etagc  cylindrique 
hchc'oTdal  d'addition  dcs  2  <  oupies  rnoteurs. 

On  trouve  cnsuite  dans  la  chaine  commune,  un  couple  spiro-conique  Gleason  et  2  etages  epicvcloTdaux  a  (  ouronne 
fixe, 

Lc  porte-satelliies du 2erne  etage  entralne  I'arbre  rotor  principal. 

On  note  aussi  2  pompes  de  lubriJiration  au  fond  de  la  boite  qui  fait  office  de  reservoir  d'huile. 

Deux  tables  accessoires  droite  et  gauche  sont  placces  a  Tarriere  et  assurent  I'entraineitieni  des  pompes  hydrauliques 
alternateurs  et  ventilaiour  de  refroidissement  d’huile  BTP. 

Cette  boite  pout  etre  equipee  sur  la  chaine  gauche  d'un  systeme  original  de  dccrabotage  modjfiant  la  fonction 
roue  libre  et  autorlsant  ainsi  la  rotation  du  moleur  et  des  accessoires  gauches  sans  entrainenicnt  dcs  rotors. 

La  roue  d'addition  des  couples  rnoteurs  entrainc  directement  I’arbre  horizontal  de  transmission  arriere., 

L  ne  boite  de  transmission  intermediaire  ei  une  BTA  assurent  ensuitc  les  r  hangemenis  de  la  direc  tion  ct  de  la 
Vitesse  de  rotation,  necessaircs  a  rentrainement  du  rotor  arricre. 

L’arbre  de  transmission  arriere  est  consti'uc  de  8  tron<,‘ons  (7  horizontaux  ct  1  oblique)  separes  entro  cux  par  dcs 
accouplements  flexibles  type  "fleeter’ 

Le  systeme  de  liaison  entre  la  boite  et  les  rnoteurs  est  con<;u  suivani  le  memo  principc  que  ceux  du  Dauphin  et 
de  I'EcureuiI  (tube  anticouple  articule),  les  accouplements  flexibles,  situcs  a  la  sortie  rnoteur  et  a  I'cniree  BTP 
sont  a  diaphragmes. 


3.  RECAPITULATIF  DES  CARACTERiSTIQUES  PRfNCIPALES  DES  TRANSMISSIONS 
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HELICOPTERE 

MASSE 

MAXI 

KG 

Puis&ance 
maxi  a 
I'entrec  BTP 

Vitesses  t/mn 

Rapport  de 
reduction 
motcur/rotor 
prjr>cipa/ 

Nombre 
d’etages  dc 
r^uction 
BTP 

MASSE 

BTP 

KG 

Entr^  BTP 

Rotor 

prihcipal 

Rqtor 

arriere 

ECUREUIL 

AS.350 

MONOMOTEUR 

1900 

395 

6000 

15,5 

2 

68 

386 

2043 

ECLIREIJIL 

AS.355 

RUMOTEUR 

2400 

<•80 

6016 

15,3 

3 

105 

394 

2088 

DAUPHIN 

AS  363N 

4000 

970 

6000 

17,1 

5 

190 

350 

4706 

SUPER -PUMA 

AS.  3  32 

8600 

2250 

22841 

86,2 

5 

330 

265 

1280 

Super- Puma 


<ft  htb'ftK^tton 

FIGURE  8  -  B,T.P.  SUPER-PUMA 


I  tn‘  rfproseniatjofi  smlpll^^oe  de  la  <  hainc  <  loeniatique  de  la  ISTI*  est  donnoi*  par  la  5.  La  tone  ic'riiportr- 

«Ti  allani  di's  moii'urs  vers  la  sortie  au  rotor  prinnpal,  2  roues  hbres  (repere  “)  et  lf>).  dont  )e  priru  ipe  de  font  iioiinc 
apparjit  dans  les  si  hernas  de  droilc,  2  etages  spiro-coniques,  la  roue  du  deuxuMite  realisant  I'addition  des  <  oufiies 
de-  tiiou-urs.  (  n  tram  epirvrIoTdal  (repere  2)  assure  le  eoftiplernent  de  redui  tion  di-  vitesse  et  lonstitue  I'etage 
de  some  ;  I'arbre  rotor  prim  ipal  est  entraine  direetenient  par  Ic  porte-satellite  du  tram  epi<\<)oidal  a  <  ouronne 
hve  par  rmierniediaire  de  cannelures. 

Ln  dcssous  du  plan  dcfini  par  les  axes  des  2  entrees  (reperes  et  1)  se  trouve  un  couple  spiro-coruque  fnulnipln  atoi 
dont  le  ptgnon  (repere  8)  assure  rentrainement  de  I'arbre  de  transmission  arriere.  La  roue  menante  est  lixec  sur 
I'arbre  de  roue  eonique  principale  d'addilion. 

On  noiera  egalcment  les  diverses  prises  de  rriouvement  accessoires  :  A  I'avant,  les  prises  dc  ponipcs  hvdrauliques 
(reperes  fe  et  13),  d'alternateurs  (reperes  1^  et  7),  de  ventilateur  de  relroidissenicnt  d'huilc  boitc  et  rnotc-urs  et 
du  disquc  de  frem  rotor  (reperes  1  3  et  12)  ;  dans  ia  partie  inferieure,  en  lateral,  I'entrainenient  des  poriipes  di- 
lubrifiiation  (reperes  9  et  II)  ;  vers  I'avant,  une  prise  pour  gcneratrice  tarhyfnctnquc. 

I  ne  coupe  honzontale  de  la  BTA  apparait  sur  la  figure  f*  et  illustrc  son  cnvironnement  ct  sa  conception  spefiticiui* 
au  rotor  carcnc  fenestron. 

On  rernarque  plus  pariiculierement  I'arbre  rotor  tres  court  et  I'enseinble  plateau  dc  commande  d'in<iderne 
associe  aux  tiges  de  commande  tournante  et  fixe,  contenues  dans  I'arbre  rotor. 


FIGdRE  6  -  BTA  ET  MOYEU  ROTOR  ARRIERE  DAUPHIN 
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the  lack  of  syateraatic  helicopter  transmission  oil  development  by  the  major  oil  companies  is  the  low 
volLine  of  lubricant  required.  By  the  same  token  however,  even  if  better  oils  were  to  cost 
si  f  i  cant  1  y  more,  this  would  be  negligible  compared  to  replacement  and  overhaul  costs. 

A  second  motive  for  seeking  significantly  Improved  lubricants  stems  from  likely  design  changes  In 
the  next  generation  of  helicopters.  It  is  probable  that  this  generation  will  have  significantly  hotter 
bulk  oil  temperatures,  around  130*^0  (3).  This  will  require  reasonable  stable  :»ynLhetic3  with  powerful 
anti-wear  performance  over  the  whole  temperature  range,  up  to  JbO^^C.  A  program  has  been  recently 
established  in  the  UK  to  develop  such  a  lubricant. 

When  helicopters  and  lubricant  designers  start  to  work  closely  together,  and  the  lubricant  is  seen 
as  an  integral  component  in  the  design,  then  the  possibilities  are  enormous.  A  long  term  possibility 
is  the  removal  of  external  cooling  entirely  from  helicopter  transmissions,  to  be  partially  replaced  by 
i.iiproved  cooling  through  the  gearbox  housing.  This  would  result  in  probable  bulk  oil  temperatures  of 
POC^C.  Such  a  gearbox  is  clearly  some  years  away  but,  with  specially  designed  lubricants,  It  Is 
concei vable . 
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YEAR 

INTRODUCED 


HELICOPTER 


OIL  TYPE 


OIL  SPEC. 


Vise  cSt 
at  lOO^C 


58 

Whi  rlwi  nd 

Mineral 

D. ENG. RO. 21179/1 

9.1 

Very  early  .Tiineral  gd3  lurDine 

59 

Wessex 

Ester 

D. ENG. RD. 2487 

7.7 

Gas  turbine  oil  (Type  l) 

62 

Scout 

Mineral 

DTD  900/4981 

17.5 

f  rlifled  back  axle  oil 

Sea  King 

Ester 

MIL-L-23699B 

5.25 

Gas  turbine  oil  (Type  ?) 

67 

Gazelle 

Mineral 

DTD  581C 

8.2 

Aircraft  oil 

67 

Puma 

Mineral 

DTD  581C 

8.2 

Aircraft  oil 

67 

Lynx 

Mineral 

DTD  900/498! 

17.5 

Modified  back  axle  r>u 

80 

W.30 

Mineral 

DTD  900/4981 

17.5 

Modified  back  axle  oil 

Table  1  Typical  Main  Gearbox  Lubricants  in  Current  Jse 
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DISCISSION 


Rh.Ramette,  Fr 

Have  you  evaluated  the  effects  of  different  lubricants  on  performance  and  life  of  some  lielie«)piei  iraiiN'iiissinn  svsu  tus  ’ 

Authors  Reply 

In  developing  a  lubricant  for  helicopter  transmission,  us  mentioned  in  my  paper,  the  first  and  most  lenetin  >.iage  w.ts  i.> 
design  an  integrated  series  of  tests  of  lubricant  performance,  ranging  from  simple  sereenine  tests  i..  .k  lu.il  helu  opu  i 
gearbox  tests.  The  requirement  was  that  these  tests  correlated  with  each  other  in  that  the\  g.ive  the  saint  Inbin.  ,ini 
response  to  scuffing,  pitting,  etc.  in  the  whole  range  of  tests. 

In  setting  up  this  sequence,  several  currently  used  helicopter  lubricants  were  fully  evaluated  to  pi<'\  id*.  Ivn..  fim.iik'v  i  >f 
pcrforrnance.  There  were  striking  differences  in  lubricant  performance,  especially  relaimg  lo  t'e’  *11.11  diifin.  ni 

lubricants  approved  for  the  santc  specification. 

F.Saibel,  US 

'I'here  is  a  human  factor  consideration,  personnel  eannot  be  trusted  to  gel  different  oils  in  dn.  i  lelii  plat  v  v  It  ik  1 1  s^al  , 
lo  develop  one  oil  for  both  places. 

Author's  Reply 

Such  an  oil  would  not  he  the  best  lor  gas  turbine  lubrication  or  the  best  possible  li  ansintssion  oil  li  i«.  simpK  a  quesi  11*11 
of  whether  we  are  prepared  u>  accept  sluirt  lives,  reduced  reliability  ami  const  i  aim  *  on  tiansmisMc*n  deMgn  l-'i  ilu  s.ike 
of  the  principle  of  a  comm<in  oil. 

JXiodston,  US 

What  is  the  chemical  compositi<ni  of  the  oil  ’ 

What  are  details  of  "proof  of  c<mcept''  program  lor  the  aeceptahiliiy  of  the  lubricant 

How  do  you  determine  through  testing  ihcelfieicnev  (|verformance).  improved  durahiliiv  ol  the  new  lubne.im 
•ompared  to  the  present  or  old  lubricants? 

Author's  Reply 

The  lubricanis  developed  so  far  have  been  based  on  ester  and  ester  polyg)y«'ol  based  fluids.  I  hev  include  a  mixluie  ol 
non-convenliona!  phosphor-eoniainmg  anti-wear  additives.  Also  present  arc  concentrated  oxidation,  eonosion  and 
foam  inhibitors,  fhus  far.  the  main  candidate  oil  has  had  many  hundreds  of  hours  evaluation  in  spiral  bevel  tail  lotoi 
gearboxes,  ft  has  als<i  fiecri  run  for  2.s0  hours  a(  41)”..  overload  in  a  helicopfer  main  box. 

No  specific  invcsligaiums  of  efficiency  have  been  made.  Input  and  output  torques  in  gearbox  tests  have  been  measured 
and  indicate  an  increase  in  efficiency,  but  the  losses  lav  within  the  large  inaccuracy  of  the  strain  gauge  measurements. 
Running  with  the  best  camlidaic  oil  did  give  steady  state  oil  temperatures  t>f  Ti'  less  than  using  standard  oils,  suggesting 
higher  efficiencies. 


Comment:  PJ. Mitchell,  UK 

Our  view  on  speciallv  lorniulaleil  iransmissum  liil'ncanis  is  that  ibev  would  be  vciv  well  worthwhile  if  we  can  ect  longer 
I  IK  )’s  and  M  I  HR  s  Ivy  using  them,  despite  hk  reasing  the  range  o|  Uibneatiis  we  have  to  earrv 


B.Sternlicht.  US 

Have  you  tncludevi  shear  effect  on  Msci>siiv  and  its  effect  on  pitting  and  sculling  ’ 

Author'*!  Reply 

I  here  is  no  doubi  that  the  friction  properties  «*l  a  lubiieam  in  I  Ml)  can  influence  pining  and  seulfing.  In  principle,  this 
IS  one  effect  to  he  taken  into  aeeouni  in  developing  new  «>ils  (n  practice,  however,  film  thicknesses  and  chemical  effects 
have  much  greater  ellect.  W  e  have  teiuled.  m  vlc\cl*>ping  new  oils.  ii>  use  existing,  les'ed  and  pri>ven  synthetic  base  oils 
rather  than  look  at  exotics.  We  have  accepted  the  limitations  ol  these  base  oils  and  concentrated  on  additives  to  mitigate 
pitting  and  fatigue.  This  is  the  most  practieai  medium-term  apprtiach.  though  in  the  very  long  term,  base  oils  with 
specially  chosen  lubncam  pnvpcrties  max  be  developed 
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ABSTRACT 


The  omnipresent  rotary-wing  drive  system  requirements  for  minimum  weight  with  maximum  reliability  will 
be  compounded  1n  the  future  by  additional  restrictions  on  size,  damage  tolerance,  cost,  and  ease  of 
assembly  and  maintenance.  The  authors  present  their  view  of  the  form  of  these  restrictions  and  provide 
some  broad  insight  into  possible  approaches  designed  to  Improve  the  performance  of  rotary-wing  drive 
systems.  We  also  provide  specific  examples  of  extensions  of  current  technology  and  some  speculation  about 
potential  applications. 

INTRODUCTION 


Many  advances  ir  technology  across  a  broad  interdiscipl inary  front  will  be  required  over  the  next 
decade  if  the  design  of  rotary-wing  power  train  systems  is  to  keep  pace  with  improvements  in  place  or  with 
those  anticipated  for  future  aircraft.  New  concepts  such  as  the  tiltwing  or  tiltrotor  require  even  more 
basic  changes  in  both  design  philosophy  and  techniques.  In  this  paper  we  present  our  view  of  some  of  these 
primary  areas  of  power  train  system  development. 

A  summary  of  several  current  applications  of  advanced-technology  concepts  is  presented  in  Reference  1. 
Future  developments  will  be  the  logical  next-step  advance  in  each  of  these  areas. 

GEARING 

Materials  and  Processing 

The  development  of  high  hot  hardness  materials,  such  as  VASCO  X2M,  has  permitted  substantial  improve¬ 
ments  in  both  durability  and  scoring  capacity.  The  next  step  in  this  area  will  be  an  improvement  in  the 
case  hardening  process  used  for  such  parts.  Vacuum  carburizing,  for  example,  has  been  used  recently  for 
some  cortmercial  appl ications.  Research  is  now  under  way  (Reference  Z)  to  evaluate  the  use  of  high- 
temperature  vacuum-carburizing  techniques  with  an  integral  quench  sequence  to  reduce  both  the  cost  and  time 
required  to  produce  aircraft-quality  gears  while  improving  their  load  capacity.  The  reduction  in  cycle 
time  (and  thus  energy  usage  and  total  cost)  for  a  typical  gear  is  substantial.  Figure  Additionally,  the 
preoxidizing  step  currently  required  for  VASCO  would  be  eliminated. 


Conventional  Heat  High  Temperature  Vacuum  Carburize 

Treatment  Cycle  •  VASCO  X2  Heat  Treat  Cycle  VASCO  X2 


ri7ur«  1.  Typical  Conventional  and  High-Temparature 
Vacuum-Carburixin?  Cyclea 


Analytical  Techniques 

The  application  of  three-dimensional  finite-clement  methods  (FEM)  to  the  analysis  of  complex  spur^ 
helical,  and  spiral  bevel  gears  has  progressed  rapidly  in  the  last  few  years.  Pre-  and  postprocessing 
programs  have  been  developed  (Reference  3)  which  permit  the  rapid  and  accurate  preparation  of  FEM  models 
such  as  that  shown  in  Figure  Z.  The  next  step  in  this  effort  will  be  the  linking  togc  her  of  fully 
generated  models  of  mating  gear  sets  so  that  their  interactions,  particularly  load  distribution  among  the 
teeth  in  contact  and  along  the  instant  lines  of  contact,  can  be  studied.  The  concept  of  load  distribution 


has  received  limited  study  with  simple  models,  but  more  advanced  study  with  large,  complex  models  has  been 
restricted  by  computer  si2e  and  speed  limits.  The  new  supercomputers  (such  as  the  Cray)  have  the  potential 
of  removing  these  limits. 


SUN  GEAR 


BEVEL  GEAR 


ACCESSORY  DRIVE  GEAR 


Figure  2.  FEM  Model  o(  Typical  Complex  Bevel  Gear 


Integrated  Design 


The  problems  associated  with  assembling  gears  to  their  shafts  with  keys,  splines,  or  boUed-flange 
arrangements  have  prompted  the  use  of  £6  {electron  beam)  welding  to  provide  an  integral  shaft  and  gear 
configuration  in  some  appl Ications.  The  design  of  the  CH-47D  (Reference  4)  and  CH-46E  transmissions 
carries  this  concept  even  further  by  using  advanced  computer  analysis  and  graphic  techniques  to  permit 
simultaneous  optimization  of  gear  and  shaft  geometry  while  also  considering  the  gear  cutting  and  grinding 
tooling  requirements.  This  results  in  integral  gear  and  shaft  configurations  of  a  complex  nature  with  no 
welding  required.  The  resultant  parts  are,  as  Figure  3  and  Table  I  show,  lighter  and  more  reliable. 
Although  some  simple  cylindrical  L  iring  races  are  included  in  these  integration  efforts,  the  maximum 
benefit  will  be  obtained  by  truly  integrating  the  entire  gear-shaft-bearing  system  (Reference  5)  (Figure 
4).  This  is  the  next  logical  level  of  integration  and  will  yield  further  improvements  in  weight,  overall 
size,  and,  especially,  reliability. 
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Figure  3.  Repr«ientativ«  Integral  Spiral  Baval  Gatrs  for  tha 
CH<47D  Halicoptar 


TABLE  I.  RELATIVE  WEIGHTS  OF  CH-47C  BOLTEO-FLANGE 
AND  CH-47D  INTEGRAL  BEVEL  GEARS 


Transmission 

CH  47C 

(6,000'hp  System) 
(hp/lb) 

CH  47D 

dO.OOO  hp  System) 
Ihp/ib) 

Percent 

Improvement 

Forward 

89 

102 

15 

Aft 

96 

105 

10 

Mix 

123 

147 

20 

Engine 

175 

209 

20 

Figur«  4.  Comparison  of  Typical  Nonintegrated  and  Fully  Integrated  Designs 


Tooth  Form 


Many  different  tooth  forms,  varying  from  involute-based,  high-prof i If-contact-ratio  spur  gears  to 
completely  noninvolute  concepts  such  as  the  conformal  gear  (used  on  the  Westland  Lynx)  and  the  maximum 
conjugative  concept  (being  evaluated  for  low-noise  automotive  applications),  have  been  evaluated  for 
aircraft  applications.  Unfortunately,  these  approaches  have  taken  the  form  of  a  solution  looking  for  a 
problem.  Future  efforts  in  this  area  should  center  on  the  reverse  approach--identify1ng  a  specific  form- 
related  problem  and  following  a  line  of  investigation  to  a  solution.  Similar  to  the  recent  NASA-sponsored 
test  program  (Reference  6)  in  which  a  noninvolute,  constant-relative-curvature  tooth  form  was  evaluated. 
As  Figure  5  shows,  the  surface  durability  life  of  the  advanced  tooth  form  test  gears  is  approximately  five 
times  that  of  the  standard  baseline  gears.  Their  scoring-load  capacity  (Figure  6)  is,  however,  lower  than 
the  baseline.  The  future  of  tootb-fonn  development  will  center  on  optimizing  different  properties  of 
specific  forms  to  accomplish  specific  objectives. 


(A)  LIP£  AT  EOUAl  CONTACT  STNESSES. 
MAXMUM  HERTZ  STRESS. 

14S  I  10’  N/M*  (214,000  PSI). 


SEAR  TYPE 


o STANDARD 
oNEW  TOOTH  FORM 


MAXIMUM  HERTZ  STRESS, 
N/M*  (PSI) 

773  X 10^  (250.0001 
148x107  (214.000) 
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2  ~f  OB1BZ0  401 
SEAR  LIFE  -  CYCLES 

(B)  LIFE  AT  EQUAL  LOADS 
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LOAD,  S.440  N/CM  (3,680  LB/IH.). 


NOTES:  1.  SPEED  •  10.000  RPM 

2.  TEMPERATURE  • 
370*K  (207*F) 

3.  LUBRICANT  • 
SYNTHETIC 
POLYOL  ESTER 


Figuire  5.  Pitting  Fatigu*  Liv««  ot  Spur  Gears  With  Standard  and  New  Tooth  Form 
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NOTES:  1.  SPEED  •  10.000  RPM 

-  2.  LUBRJCAMT  •  SYNTHETIC  POLYOL  ESTER 

3.  FAILURE  >  SURFACE  22.5*/i  SCUFFED 
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Figure  6.  Scoring  Failure  Load  of  Spur  Gears  With  Standard  end  New  Tooth  Form  as  Function 
of  Percentage  of  Specimens  Tested 

LUBRICATION 


Currently  a  corrmon  oil  is  used  in  both  the  engines  and  transmissions  ot  virtually  all  U.S.  military 
helicopters.  This  provides  significant  logistic  advantages,  but  they  are  only  attained  by  compromising  the 
optimization  of  the  oil  for  either  system.  Since  the  oils  used  are  basically  engine  oils  and  not  gear 
oils,  the  transmissions  suffer  the  severest  penalties. 

Recent  research  (References  7  and  8)  yields  strong  evidence  that  a  specially  developed,  dedicated 
transmission  lubricant  can  provide  substantial  improvements  in  the  next  generation  of  transmission  systems. 
Many  factors  were  considered  in  both  studies.  We  will  treat  only  two  aspects  here  to  provide  insight  into 
the  potential  benefits  associated  with  the  development  of  a  new  gear  o’l  for  rotary-wing  aircraft  use. 

Higher  Viscosity 

An  oil  with  a  higher  viscosity  (in  the  range  of  10  cs  at  210°F)  will  improve  bearing  life  due  to  an 
increase  in  lubricant  film  thickness.  Considering  two  typica)  existing  helicopter  bearings  will  provide 
some  insight  into  the  magnitude  of  the  improvements  we  can  expect.  As  Figure  7  shows,  the  probability  of 
lubricant-related  surface  distres'v  occurring  decreases  with  increasing  percentage  of  film  formation.  For  a 
typical  moderate-speed  helicopter  transmission  bearing  (Reference  7),  the  percentage  of  full  £HD  (elasto- 
hydrodynamic )  film  formation  increases  from  62  percent,  which  is  barely  out  of  the  "region  of  possible 
surface  distress...,"  to  94  perc**nt,  practically  full  develoi^nt.  On  the  other  hand,  a  typical  low-speed 
helicopter  transmission  bearing  .Reference  8)  shows  a  percentage  film  formation  with  MlL-L-23699  oil  of 
virtually  zero.  Changing  the  oi  will  bring  this  bearing  to  approximately  the  same  percentage  of  full  film 
as  the  moderate-speed  bearing  with  MIl-L-23699  oil.  For  both  bearings,  an  improvement  'n  life,  as  shown  in 
Table  11,  can  be  expected  due  to  the  new  oil. 


> 


Figxue  7.  Percent  oi  Full  EUstohydrodynemic  Film  Development  ai  a  Function  of  Lambda 


TABLE  n. 

BEARING  LIFE 

IMPROVEMENT  DUE  TO  NEW  OIL 

Bearing 

oil 

Expected  Life  Increase 
(percent ) 

Moderate  speed 

MIL-L-23699 

New 

46 

Low  speed 

MIL-L-23699 

-  _ 

New 

500 

Improved  Corrosion  Protection 


At  this  time,  corrosion  is  the  leading  single  cause  for  transmission  parts  rejection  at  overhaul  for 
the  U.S.  Navy  CH-46  helicopter.  The  latest  cumulative  overhaul  records  indicate  that  over  40  percent  of 
the  gears  and  bearings  examined  at  overhaul  are  discarded  or  reworked  due  to  corrosion  alone.  In  general, 
the  primary  problem  which  results  from  corrosion  is  replacement  at  overhaul.  To  show  the  magnitude  of  the 
cost  savings  which  can  be  obtained  through  the  use  of  an  oil  with  improved  corrosion  protection,  we  have 
reviewed  the  overhaul  records  for  the  CH-46  and  CH-47  military  fleets  as  well  as  data  from  commercial 
operations  using  the  same  aircraft  with  different  lubricants.  This  experience,  sunmarized  in  Table  III, 
indicates  that  the  occurrence  of  corrosion  in  gearboxes  lubricated  with  MIL-L-23699  oil  is  far  greater  than 
that  with  either  of  the  two  other  oils  used.  The  projected  cost  of  corrosion  per  flight  hour,  with  the 
CH-46  fleet  as  a  basis  for  comparison,  was  calculated  using  the  rejection  rates  shown  in  Table  III  for  each 
lubricant.  Bearing  costs  were  calculated  by  averaging  the  cost  of  bearings  and  multiplying  by  the  number 
of  bearings  in  each  transmission.  It  was  further  assumed  that  only  half  of  the  corroded  parts  would 
require  replacement  while  the  remainder  would  be  reworked  and  reinstal led--d  conservative  cost  approach 
since  it  is  seldom  possible  to  rework  a  bearing  (bearings  account  for  75  percent  of  main  parts  rejected  due 
to  corrosion)  while  it  is  often  possible  to  rework  a  corroded  gear.  Only  the  cost  of  replacement  was 
considered;  no  rework  costs  were  Included  in  the  analysis.  The  resultant  projected  costs  are  summarized 
in  Table  IV.  ""The  cost  impact  of  using  a  lubricant  with  improved  corrosion  resistance  is  quite  apparent. 


TABLE  III.  CORROSICh  EXPERIENCE  FOR  THREE  LLBRICANTS 


Percent  of  Parts  Corroded 

Lubricant 

MIL-L 

-23699  MIl-I-’HOB  MIL-L-6082 

Gears 

10 

2  1 

Bearings 

31 

7  1 

TAB'.E  IV.  PROJECTED  COST  OF  REPLACING  CH-46'GEARS  AND 

BEARINGS  out  TO  CORROSION  FOR  THREE  LUBRICANT:^ 


Gearbo*'^^ 

19b2  Dollars  per  Flight  Hour 

MIl-L-23699 

H1L-L-78U8 

HIL-L-6082 

Forward 

1.B2 

0.29 

0.16 

Aft 

4.45 

0.54 

0.29 

Mil 

3.94 

0.6? 

0.30 

In  terms  of  the  rH-46  fleet  alone,  a  total  cost  saving  of  over  20  million  dollars  would  c  :rue  during 
the  projected  remaining  life  of  these  aircraft  (about  17  years)  if  an  oil  with  the  corrosion-resistant 
properties  of  MlL-L-6082  were  used. 

BEARINGS 


Several  areas  of  rol Hng-element  bearing  technology  are  advancing  rapidly.  We  will  touch  on  only  two 
in  this  paper  to  demonstrate  the  overall  effect. 

Improved  Material  for  Bearings 

In  many  helicopter  appl ications ,  consumable-electrode  vacuum-melted  AISI  52100  and  9310  steels  provide 
satisfactory  performance  for  gears  and  bearings  operating  at  less  than  300‘'F.  As  the  operating  tempera¬ 
tures  of  bearings  exceed  300'’'F  (bulk  and/or  contact  temperature),  both  of  these  steels  exhibit  a  loss  of 
hardness  and  load  carrying  capacity.  Figure  8  shows  the  hot  hardness  characteristics  of  these  steels  and 
indicates  that  R310  drops  below  Rc  58  at  approximately  300*F  and  that  52100  will  reach  the  same  hardness  at 
a  slightly  higher  temperature.  To  overcome  this  factor  in  bearings,  many  bearings  have  been  fabricated 
from  consumable-electrode  vacuum-melt  M-50  steel  which  has  demonstrated  excellent  load-carrying  capacity, 
fatigue  life,  and  stable  operation  up  to  and  exceeding  650’^F.  With  the  ever-increasing  use  and  demand  for 
this  material,  problems  of  increased  expense  for  both  the  material  and  processing  and  a  low  tolerance  for 
crack  propagation  have  resulted  in  the  demand  for  a  new  replacement  material. 


HARDNESS  —  ROCKWELL 
C  SCALE 
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Figure  8-  Hot-Hardneu  Cherecteristict  of  Common  Bearing  Steels 
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Based  upon  the  expected  requirement  for  future  helicopter  transmission  bearings,  the  following 
material  characteristics  will  be  required  of  future  bearing  materials: 

-  Increased  fatigue  life  (material  factor  greater  than  6) 

-  Increased  scoring  resistance 

-  Slow  crack  propagation  after  initial  failure 

-  Stability  during  reduced  oil  flow  operation 

-  Hot  hardness  better  than  Rc  58  at  elevated  temperatures  (>  350‘’F) 

Boeing  Vertol  experience  has  shown  that  a  modified  version  of  case-carburized  steel  has  the  potential 
to  achieve  all  these  requirements.  The  material  that  can  achieve  these  goals  is  VASC0-X2  steel.  This 
material  has  the  excellent  characteristic  of  retaining  hardness  at  elevated  temperatures  coupled  with 
excellent  rolling-contact  fatigue  properties.  When  comparing  through-hardened  versus  case-carburized 
materials,  experience  has  shown  that  cracks  propagating  from  a  fatigue  spall  are  stopped  by  the  soft  core 
(Rc  40)  of  case-carburized  steel  bearings,  while  rapid  unstable  crack  extension  occurs  in  through-hardened 
bearings.  Failure  of  this  type  results  in  the  loss  of  the  structural  integrity  of  the  bearing  as  shown  in 
Figure  9. 


Figures.  Typical  Fracture  Failure  of  Through>Hardened  No.  SO  Steel 


In  addition  to  meeting  the  needs  of  rolling-element  bearings,  the  same  material  should  be  suitable  for 
fabrication  of  gears  and  shafts.  The  use  of  a  comnon  material  offers  many  advantages  to  the  design  Inte¬ 
gration  of  gear  and  bearing  components.  This  is  further  expanded  in  the  following  section. 

Integrated  Design 

The  simple  conf iguration  possible  with  an  integrated  gear/bearing  system  design  (Figure  4)  will  result 
in  fewer  individual  component  parts,  reduction  in  the  number  of  fretting  Surfaces,  and  a  significant  re¬ 
duction  in  system  weight.  The  risk  of  replacement  of  an  integrated  gear/bearing  assembly  is  present  due  to 
damage  to  one  of  many  critical  surfaces,  but  the  net  effect  is  that  of  a  more  reliable,  less  costly,  and 
increased-service-1 ife  component. 

The  need  of  an  integrated  gear/bearing  system  design  has  evolved  over  the  years.  The  initial  design, 
(Figure  10,  A),  shows  that  standardized  parts  are  used  resulting  in  many  simple  components  and  associated 
faying  surfaces.  Experience  demonstrates  that  transmission  removals  from  service  are  due  to  fretting  of 
the  mating  surfaces  and  rotation  of  the  outer  races  in  the  housings.  These  designs  were  modified  to 
Include  keying  of  the  outer  race  and  integrating  the  inner  spacers  as  part  of  the  bearing  Inner  race, 
(Figure  10,  B).  This  modification  improved  the  service  experience  but  did  not  correct  all  the  problems. 
The  next-generation  drive  systems  that  entered  service  in  the  early  1980s  (Figure  10,  C)  continue  to 
integrate  components.  This  includes  tabs  on  the  outer  race  for  antirc.tation,  integrated  spacers  on  the 
inner  and  outer  races,  elimination  of  finger-type  oil  jets,  and  the  use  of  an  inner-race  centri fugal ly 
operated  oil  lubrication  system.  This  approach  has  eliminated  many  of  the  nuisance  problems  that  plague 
helicopter  transmissions.  This  is  a  significant  step  in  the  right  direction,  but  further  work  will  be 
required  to  achieve  a  fully  integrated  gear/bearing  system  as  proposed  i.  Figures  10,  0  and  4. 


High-Speed,  Cup-Ribbed,  Integral  Shaft/Race,  Tapercd-RoHer  Bearings 

Typical  helicopter  transmission  spiral  bevel  gears  are  supported  by  rolling-element  bearings  in  either 
an  overhung  or  straddle  configuration.  Each  of  these  designs  can  be  supported  by  ball,  cylindrical, 
spherical,  or  tapered-rol ler  bearings.  The  final  design  selection  is  usually  based  upon  system  loads  and 
speeds,  life  requifements,  and  available  space.  Bearings  which  support  spiral  bevel  gears  are  required  to 
react  combined  radial,  thrust,  and  moment  loads.  For  this  type  of  application,  tapered-rol ler  bearings 
appear  to  have  the  greatest  load  capacity  for  a  given  envelope  and  total  bearing  weight.  The  widespread 
use  of  tapered-rol ler  bearings  in  such  applications  has  been  restricted  to  lower  operating  speeds. 


□  LUBRICATING  OIL 

rn  HAROWARt.  SPACtflS  ANO 
LJ  OILJETS 

^  BEARING  INNER  RACES 

^  BEARING  OUTER  RACES 

^  BEARING  ROLLING  ELEMENT 


Figure  10.  Integrated  Bearing  and  Gear  Design 


In  the  late  1960s  work  was  initiated  to  develop  high-speed  tapered-rol  ler  bearings.  Rapid  advances 
were  made  to  increase  the  limiting  speeds  of  tapered-rol ler  bearings  from  5,000  ft/rin  cone  rib  velocity  to 
over  20,000  ft/min  (Reference  9).  This  was  done  by  optimizing  the  internal  geometry  of  the  bearing  and  by 
Supplying  secondary  lubrication  to  the  cone  rib  area.  This  work  was  successfully  incorporated  in  a 
helicopter  drive  system  during  the  HLH/ATC  program  (Reference  10).  In  less  than  7  years,  the  potential 
high-speed  operation  of  tapered-rol ler  bearings  was  demonstrated.  Although  testing  was  successful  at  high 
speeds,  there  still  remain  three  major  restraints  on  complete  acceptance  of  tapered-roller  bearings  in 
high-speed  aircraft  applications: 

•  Sensitivity  to  oil  interruption 

•  Sensitivity  to  mounted  end  play  or  preload 

•  Integration  of  inner  race  and  gear  shaft. 

The  first  restraint--oi 1  interruption  and/or  oil-off  operation--! s  perhaps  the  mosf  serious.  Much 
development  work  has  been  done  in  the  helicopter  industry  to  achieve  limited  oil-off  operation,  uenerally, 
cylindrical  roller  bearings  can  operate  without  oil  for  extended  periods  of  time.  Ball  thrust  bearings 
provide  a  more  difficult  challenge  but  can  still  achieve  desired  goals.  Because  of  limited  development, 
tapered-rol ler  bearings  are  not  yet  successfully  operating  without  oil  at  high  speeds. 

Tests  and  analysis  demonstrate  that  the  inner  race  (cone)  rib  which  guides  the  roller  ends  quickly 
deteriorates  under  oil  interruption  conditions.  High-speed  photography  (Reference  9)  shows  that  as  speed 
increases  the  natural  path  of  the  oil  is  the  outer  raceway.  To  overcome  this  problem,  the  bearing  was 
moaified  by  adding  many  lube  holes  in  the  inner  race  to  provide  a  second  oil  path  to  the  critical  cone 
rib/roller  end  contact  zone.  This  makes  it  possible  to  increase  the  speed  limit  of  tapered-rol ler  bearings 
by  more  than  eight  times.  The  main  disadvantages  are  the  increased  manufacturing  cost  and  complexity  with 
no  improvement  in  sensitivity  to  oil  interruption. 

Further  review  of  the  tapered-rol ler  bearing  indicates  that  the  area  of  the  cup/roller  ef  d  is  a 
logical  location  for  the  placement  of  the  most  critical  contact  of  the  bearing.  This  area  provides  the 
best  oil  wetting  under  marginal  oil  flow  conditions  and  the  space  to  trap  residual  oil  under  zero  oil  flow 
and  startup  conditions.  Locating  the  race  rib  on  the  cup  not  only  improves  the  lubrication  of  the  bearinq, 
but  it  also  relaxes  the  third  major  restraint:  difficulty  of  fabrication  of  the  integral  inner  race  ano 
shaft;  the  geometric  feature  to  be  incorporated  as  part  of  the  gear  shaft  becomes  a  simple  cone.  The 
difficult  rib  area  is  still  part  of  the  bearing  supplied  by  the  bearing  manufacturer,  k.ith  these  advances 
i ncorporated ,  the  use  of  the  cup  rib  design  for  advanced  transmission  concepts  shows  siqni^’cant  promise. 

Design  studies  show  that  a  direct  bearing  mount  (face-to-face)  on  a  spiral  bevel  gear  can  provide  man\ 
advantages.  By  comparison  with  conventional  bearing  mounting  (ball  ond  cylindrical  roller  bearings),  a 
less  complex  and  smaller  envelope  design  is  able  to  support  a  spiral  bevel  gear  (Figure  4).  Although  this 
type  of  bearing  system  may  not  result  in  the  smallest  bearings,  there  ire  many  other  significant  advantages 
such  as  elimination  of  the  inner  race  components,  locknuts,  and  most  outer  race  retention  hardware.  The 
overall  advantage  of  this  type  of  gear  support  is  a  significant  reduction  in  weight  and  parts  count. 

In  addition,  the  final  restraint  on  tapered-rol ler  bearings  is  overcome  with  this  type  of  mounting 
arrangement.  With  tapered-ro1  ler  bearings  in  a  direct  mount,  the  cups  can  be  used  to  apply  the  desired 
preload  or  axial  setting.  By  providing  a  floating  cup  and  a  spring  at  one  end  the  shaft,  it  is  possible 
to  minimize  the  sensitivity  to  the  as-mounted  end  play.  The  preload  spring  maintains  a  uniform  bearino 
preload  over  a  wide  range  of  operating  conditions,  resulting  in  higher  fatigue  life  and  reducing  the  risk 
of  excessive  preloading. 

Finally,  as  noted  earlier,  this  design  allows  for  the  direct  incorporation  of  the  boaring  inner  race'^ 
as  part  of  a  high-precision  gear.  Initially  this  piay  not  seem  t)  be  the  correct  approach  for  rpdufinq 
drive  system  costs.  Damage  or  failure  of  any  bearing  or  gear  will  result  in  the  replacement  an 
expensive  item.  Although  the  initial  cost  of  the  gear  may  be  slightly  higher,  total  system  cost  will  be 
offset  by  lower  overall  life-cycle  costs.  Also,  service  history  o^^  integral  designs  shows  that  olTminalior 


of  fretting  surfaces  can  greatly  increase  the  service  life  of  transfnission  copiponenrs .  Secondary  damage 
such  as  fresring  corrosion  and  handling  and  assembly  damage  are  the  major  contributing  factors  in  reduced 
service  life.  We  can  significantly  improve  life  and  reliability  by  applying  high-speed,  cup-nibbed, 
♦:apened-roner  bearings  to  helicopter  transmission  systems. 

ImpM-oved  Beari!>g  Corrosion  Protection 

As  our  discussion  of  lubrication  has  already  demonstrated,  bearing  corrosion  is  a  serious  problem. 
Recent  research  indicates  that  new  floating  technologies  which  permit  the  deposit  of  very  thin,  dorse, 
chrome  coatings  on  bearing  surfaces  have  the  potential  tor  reducing  corrosion  si gni f icant ly  while  improving 
wear  resistance  and  fatigue  life.  Detailed,  independently  verified  test  data  not  yet  available 
authors  are,  however,  currently  pursuing  such  data),  but  Figure  11  (froni  Reference  1!)  provides  insight 
into  the  potential  advantages  of  such  techniques. 


Bearing  Fatigue  Life  — 
Chrome-Plated  vs  Standard 
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Figure  11-  Potertbal  Advantages  of  Conosion-Hesistant 
Coatings  for  Bearings 


Forty-eight  hour  salt-spray  tests  which  compared  coated  62100  steel  bearings  with  404C  stainless 
bearings  showed  in  a  50  to  70-percent  surface  corrosion  rate  on  the  stainless  bearings  and  only  minor 
corrosion  on  the  coated  52100  steel  bearings.  Considering  the  corrosion  damage  figures  cited  earlier,  thic 
improvement  alone  can  yield  Substantial  savings, 

COMPOSITE  APPLICATIONS 

The  main  focus  of  most  recent  composite  developments  is  on  thei*"  use  as  structural  airframe  members. 

The  next  generation  of  rotary-wing  aircraft  will  use  composites  in  the  drive  system  as  well,  not  only  in 

static  applications  but  also  as  rotating,  dynamic  load-carrying  members. 

The  application  of  f iber-reinforced-resin  composites  to  selected  areas  of  the  helicopter  drive  system 

will  produce  weight  and  cost  savings  as  well  as  improvements  in  reliability  and  safety.  These  improvements 

which  have  beer  demonstrated  in  airframe  applications  can  be  transferred  to  structural  components  in  the 
drive  system.  Major  structures  like  the  rotor  shafts  and  transmission  housings  provide  the  opportu^My  to 
realise  advantages  which  include: 

•  Inherent  failsafety  through  slow  failure  progression 

•  Corrosion  resistance 

•  Simplified  tooling  with  lower  costs  and  lead  tiws 

•  Minimum  machining  through  net-shape  forming 

•  Elimination  of  critical  materials  and  machine  tools  in  the 
process i ng . 

We  will  treat  two  ongoing  programs  (one  of  which  has  already  reached  production  status)  as  indicators 
of  the  future  potential  of  such  materials.  Our  discussion  addresses  the  design,  fabrication,  and  testing 
of  two  drive  system  components.  The  use  of  composites  in  these  areas  furthers  a  technology  that  can  be 
directly  applied  to  similar  drive  system  components  in  advanced  rotary-wing  aircraft. 


Con-.posite  Shafting 


We  have  been  investigating  the  use  of  composite  drive  shafts  since  tne  md-sw*-.',.  r'cii  r:  j’.iu"  I'd 
testing  show  graphite  T300  filament-wound  tubes  of  4  to  6-inch  diaiNeter  wi*h  thm  walls  u.  t  'r  ir-n, 
to  be  very  damage-sensitive.  Based  upon  this  early  experience,  handling-damage  C'-i'-cnj  wer-<'  Jcveloped  furi 
additional  lubes  with  heavier  wall  thicknesses  were  fabricated.  The  new  tubes  anp  eatable  ct  ivifio  the 
low-velocity  impact  of  tool  drops  and  other  handling  damage.  Testing  shows  nu  decrease  m  fatigue  life 
after  damage  testing.  Design  studies  indicate  that  a  major  weight  reduction  (30  percent)  can  be  obtaired 
through  the  use  of  graphite  tubes  due  mainly  to  increased  bending  stiffness  as  compared  to  that  of  conven¬ 
tional  aluniinum  tube  shafting.  Shaft  spans  (between  oearing  supports)  are  determined  by  critical  speed 
requirements  and  can  be  lengthened,  resulting  in  fewer  coupling  and  bearing  supports. 

In  addition  to  drive  shafting,  fatigue  life  of  main  rotor  shafts  is  being  increased  by  substituting  a 
composite  structure  for  existing  aluminum  components.  Although  increased  fatigue  life  is  the  main  objective 
of  the  composite  rotor  shaft,  studies  indicate  other  benefits  will  also  accrue.  These  benefits  include 
weight,  cost,  and  reliability. 

A  weight  saving  of  25  percent  is  expected  as  compared  to  equivalent  metallic  structures--a  reduction 
due  to  the  inherent  high  stiffness  of  composites  essential  to  a  main  rotor  shaft  design. 

The  tooling  costs  for  composite  shaft  fabrication  are  significantly  lower  then  for  metallic  equiva¬ 
lents.  A  simple  tube  mandrel  suffices  for  most  shafting;  a  main  rotor  shaft  requires  only  diameter 
machining  of  selected  areas,  and  other  diar>eters  remain  net  from  the  winding  mandrel. 


Corrosion  protection  of  steel  rotor  shafts  is  a  continuing  problem,  and  corrosion  of  mating  steel 
surfaces  represents  a  significant  cause  for  removal,  rework,  or  rejection.  Graphite  and  glass  shafts  with 
proper  dielectric  separators  and  the  use  of  selected  corrosion-resistant  steels  for  fasteners  make  the 
composite  structure  essentially  corrosion-proof.  The  inclusion  of  S-glass  in  the  torque  path  of  the  rotor 
shaft  provides  an  expected  improvement  in  failure  modes  as  compared  to  steel  or  aluminum,  The  composite’ 
shaft  has  a  soft  failure  mode  which  is  detected  by  a  slow  change  in  stiffness  rather  than  a  total  loss  of 
load-carrying  capability. 

A  thick-wall  composite  tube  was  evaluated  for  the  center  section  of  a  3-piece  CH-47  rotor  shaU 
assembly  (figure  12).  The  composite  section  was  designed  to  an  unlimited  fatigue  life  goal  to  replace  the 
life-limited  metallic  center  section  now  in  use.  The  composite  section  was  also  sufficiently  strong  to 
withstand  multiple  handling  damage  defined  by  the  criterion  of  a  2-pound  ball  dropped  from  6  feet.  The 
composite  tube  is  connected  by  several  rows  of  radial  pins  to  the  upper  and  lower  steel  splined  shafts. 
Some  outstanding  operational  requirements  of  the  composite  rotor  shaft  assembly  include: 


Torque  (fatigue) 
Torque  (ultimate) 
Torsional  stiffness 
Bending  stiffness 
Bending  moment 
(at  upper  ^oint) 
Desired  life 


l.n  X  10  •  0.133  X  10  in. -lb 

2.33  X  10  in. -lb 
GJ  =  2,180  X  10  lb-in. 

El  -  2,180  X  10  lb-in. 

.•  425,000  in. -lb 

10,000  hours 


ROTOR  HUB  SPLINE 


UPPER  SHAFT' 


CENTER  SECTION 


LOWER  SECTION' 


T- 


36.85  IN. 


-TRANSMISSION  SPLINE 


Figure  12.  CH-47  Aft  Rotor  Shaft  Assembly 


Analysis  ot  this  de*-iQn  indirateo  that  a  mairr  proportion  of  tno  enmposito  tube  would  be  graphite  m 
order  to  achie.P  the  (ipsi'‘ed  stiffness  tr  match  the  dynamic  prop-Tties  inherent  in  the  current  aluniinut” 
tube.  The  final  weight  of  this  section  is  85  pounds;  by  comparison  the  limited-1  ifp  alun'inuni  tube  is  80 
poijnds ,  and  a  steel  lube  wit^  unlimited  life  was  designed  weighing  110  pounds.  The  composite  rc'tor  shaft 
sertinn  was  t’abricateO  by  f  1 1  ament -windi  nq  techniques  usinq  a  rotating  nandrel ,  '"he  mandrpl  shape  forms 
irside  diameter  the  tube  ro  net  dimensions;  radial  holes  are  machined  t('  suit  the  upper  and  lower 
d'-ive  pir'S,  and  tira’  assembly  is  complr**pd. 


12.  FUTURE  NEEDS 


The  need  for  high  temperature  gear  oils  and  their  market  potently. 1  should  be 
identified  in  order  to  stimulate  activity  in  this  area.  For  over  twenty-five  years  high 
temperature  operational  capabilities  of  gear  materials  have  lain  dormant  due  to  the 
absence  of  compatible  lubricants.  It  should  be  determined  whether  their  availability 
would  result  in  a  worthwhile  gain  in  overall  operational  efficiency  and  whether  or  not 
the  total  development  and  system  costs  can  be  repaid  by  performance  gains. 

There  should  be  a  purposeful  effort  to  remove  gear  design  from  empiricism  by  means 
of  synthesis  and  optimization  techniques.  Their  application  is  simpler  when  there  are 
no  constraints  on  the  system  such  as  spacial  relationships.  Usually  the  constraints  of 
high  power  turboprop  drive  systems  are  relatively  simple  and  may  be  met  by  a  number  of 
different  gear  arrangements.  What  follows  is  an  example  of  what  might  be  initiated  by 
making  use  of  state-of-the-art  technology  as  the  framework  of  a  design  synthesis 
methodology : 

•  Comparison  of  gear  arrangements  with  selection  of  ideal  arrangements  by  weighted 
logic . 

•  Sizing  of  gears  to  mission  requirements  and  growth  factor. 

•  Selectloii  of  number  of  teeth  based  uj-on  optimization  techniques  for  maximum  load 

capacity.  includes  Fourier  Series  analysis  to  minimize  dynamic  load  effects. 

•  Optimization  of  conjugate  gear  tooth  form  to  suit  application. 

•  EHD  analysis  by  modified  TBLSGE  program. 

•  Dynamic  analysis  by  modified  GRDYN  program. 

•  Selection  of  bearings. 

«  Life  analysis  of  gears  and  bearings  as  a  total  system. 

•  Torsional  vibration  analysis  of  complete  power  transmission  system. 

Caution  must  be  exercised  when  departing  from  traditional  design  practices.  It  is 
apparent  that  the  growth  Inherent  in  a  number  of  existing  gearboxes  was  there  because  of 
empiricism  and  implicit  conservatism  in  the  initial  design  that  was  used  to  advantage  as 

load  increases  were  desired.  In  the  future  new  designs  will  be  targeted  at  a 

predetermined  growth  factor  coupled  with  mission  requirements  needed  by  the  potential 
applications  envisioned  for  the  machine.  Designing  machines  to  material  properties  and 
weighted  load  life  will  result  in  smaller  and  lighter  units,  but  they  will  have  less 
growth  potential  than  was  available  in  the  past. 

It  is  of  the  utmost  importance  to  achieve  design  simplicity  in  order  to  meet  future 
reliability,  maintainability  and  economic  goals.  To  this  end  it  is  essential  that  the 
propeller  pitch  change  mechanism  be  an  integral  part  of  the  overall  design  of  the 
gearbox.  The  speed  reduction  gearbox  may  be  viewed  as  a  dedicated  mechanism  which 
provides  power  to  and  controls  the  propeller.  Ideally,  it  will  be  a  self-contained 
entity  that  will  Initially  provide  for  its  own  lubrication,  cooling  and  monitoring. 
Eventually,  a  "smart’  gearbox  may  emerge  which  will  monitor  and  control  its  environment 
according  to  operating  conditions  in  real  time. 


rationale  and  logic  of  a  gear  tooth  synthesis  modeling  methodology  and  a  computer 
program  flow  chart.  The  program  merges  three  models:  the  first  concerns  conjugate 
profiles  and  Hertz  contact  pressure;  the  next  is  a  bending  strength  model  which  adjusts 
pitch  line  tooth  thickness  and  profile  curvature;  and  the  third  is  a  search  routine 
which  provides  for  the  maximum  capacity  of  the  gearset.  A  balance  is  reached  which 
makes  the  most  efficient  use  of  the  given  pitch  line  space  width.  A  referenced  report 
IS  noted  which  deals  with  t^e  manufacture  and  testing  of  synthesized  gears  based  on 
quiet  running  conditions.  This  is  an  area  which  should  be  exploited  rapidly  to  explore 
Its  potential  and  its  degree  of  correlation. 


10.  STRUCTURAL 


The  large  general-purpose  structural  computer  programs  such  as  NASTRAN  and  ANSYS 
are  a  boon  tu  :jesigners  and  have  been  responsible  for  expanding  design  capabilities  and 
machine  performance.  They  are  relatively  simple  to  apply  to  engine  components  such  as 
turbine  wheels  and  compressor  casings  which  are  axi-symmetr ically  loaded.  Gears,  on  the 
other  hand,  are  .onsileted  o  be  point-loaded  and  this  makes  modeling  considerably  more 
ditficul^.  In  order  r*  model  gear  loaos  it  is  necessary  to  express  them  in  terms  of  a 
Fourier  series.  This  is  born  time  consuming  and  expensive  and,  because  of  the  extra 
mathemati-ii  man  i  p-u  1  a  r  i  ons  required,  the  results  become  subject  to  error  accumulation. 
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s  vFFMi  nave  been  developed  for  application  to  the  gear  tooth 
'I  ■'perator  time  and  computer  time,  required  is 
1'  n * ■>na  1  tinite  element  analyses  of  symmetric  and 
w-rt  tepurtt-d  in  1972(  34  ).  The  accuracy  of  the  two 
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The  work  was  applicable  to  spur,  helical  and 
f..iing  routine  which  reduced  the  computer  time 
prodtatn  is  uncier  development  ( 12 )  which  auto- 
of  spur,  helical  and  spiral  bevel  gears. 


1 1  .  TRACT  UN  LRIVF.S 


The  late.st  prop’d>-d  apf.  1  i  ca  t  i  ons  id  aerospa..e  fraction  d.  ives  ace  for  hybrid 
arrangements  wnere  tte  tint)  .spee.-j  reduction  is  accomplished  by  a  multiplicity  of 
externally  toothed  pini.ins,  rather  than  rollers,  driving  a  common  ting  gear. 

A  turDopr‘;>p  applied*  ii-n  wnicf;  is  intenfJed  for  use  as  a  speed  reduction  component 
in  an  advanced  pri.>peiit»r  puen  change  mechan  i  sm(  Fig .  )  is  presently  in  the  design 

stage.  This  as  a  truly  unique  application  wruch  capitalizes  on  the  characteristics  of 
the  traction  drive; 

•  It  can  achieve  a  very  large  sp^T-ed  reduction  in  a  very  small  volume. 

•  The  creep  experienced  by  the  traction  drive  does  not  affect  performance  since 
position  control  is  the  final  function. 

•  Input  power  is  relatively  low  ho  that  a  6%  power  loss  is  acceptable. 


Figure  b 

Traction  Drive  Propeller  Pitch  Change  Mechanism 


most  useful  to  program  users  since  they  are  difficult  to  obtain.  This  is  a  powerful  and 
useful  analytical  tool  that  can  be  used  for  design  purposes  or  for  comparing  the  effects 
of  varying  lubricants  and/or  operating  conditions  of  existing  machine?.  The  program 
should  be  modified  to  accept  any  conjugate  tooth  form  to  meet  potential  future 
r  equ i r  ements . 

Actual  power  transmission  systems  are  being  used  as  test  vehicles  to  advance  the 
state  of  the  art  in  actual  flying  scenarios.  Monitoring  systems  are  being  developed  for 
use  on  helicopter  power  transmission  systems  which  will  offer  application  advantages  to 
future  turboprops.  A  U.S.  Army  program  concerned  with  debris  monitoring  and  fine 
filtration  effects  utilized  an  initial  test  fleet  of  fifty  UH-1  helicopters  to  gather 
statistically  significant  data.  Thirty-eight  were  modified  by  having  their  38  micron 
oil  filters  and  splash-type  chip  detectors  replaced  with  three  micron  oil  filters  and 
full-flow  burn-off  chip  detectors.  Recommended  oil  service  life  has  been  increased  from 
300  hours  to  1000  hours  in  the  transmission  and  average  filter  life  has  increased  from 
about  400  hours  to  1000  hours  as  the  systems  became  cleaner(23).  In  the  same  genre# 
Westland  Helicopter  I  been  actively  developing  a  Health  and  Usage  Monitoring  program 
which  includes  vibration  analysis#  wear  sensors,  torque  monitoring  and  oil  analysis. 

The  ground  test  vehicles  of  helicopter  main  transmissions  are  being  used  in 
progressive  test  programs  where  components  of  advanced  design  and/or  advanced  materials 
and  lubricants  are  evaluated,  and  their  reliability  at  elevated  temperatures 
predicted! 24 ) .  In  another  series  of  tests  an  OH58A  transmission  rated  at  500  H.P.  was 
mounted  on  a  regenerative  test  stand  to  determine  its  efficiency  with  each  of  eleven 
different  lubr icants ( 25  ) .  The  results  indicated  that  the  efficiency  of  the  test 
transmission  ranged  from  98.3  to  98.8  percent  dependent  upon  the  lubricant  used.  This 
variation  in  efficiency  represents  a  50  percent  difference  in  transmission  losses. 

There  are  operational  requirements  where  it  is  impossible  to  develop  the  value  of 
specific  film  thickness  necessary  to  achieve  gear  tooth  separation  and  the  load  is 
shared  by  the  surface  asperities,  in  this  mode  the  composite  surface  roughness  is  most 
certainly  not  that  specified  on  the  gear  drawings  nor  that  which  exists  on  newly 
manufactured  gear  teeth.  Theory  suggests  that  gears  which  have  been  run-in  have  had  the 
slopes  of  their  asperities  reduced,  thus  providing  more  contact  area(26).  A  realistic 
value  of  specific  film  thickness  is  difficult  to  determine  due  to  the  uncertainty  of 
actual  operational  surface  roughness.  As  a  result,  the  value  of  specific  film  thickness 
which  is  calculated  as  existing  in  the  boundary  lubrication  regime  is  open  to  question. 

A  methodology  has  been  developed ( 27 , 28 ) ,  utilizing  published  test  data  which 
considers  the  elastohydrodynamic  film  thickness  and  the  composite  surface  roughness  as 
two  separate  parameters.  Although  the  work  was  done  with  data  from  bearing  tests,  the 
basic  theory  should  be  applicable  to  gears  as  well.  The  theory  should  be  tested  and,  if 
confirmed,  should  be  used  to  modify  present  EHD  computer  programs.  it  does  seem  to  be 
good  practice  to  relate  to  the  surface  topography  of  gears  and  bearings  in  an  as-run 
condition  rather  than  in  an  as-manufactured  condition. 

There  is  a  concern  that  the  Ryder  Gear  Test  ( ASTM-D-1947 )  has  reached  the  limits  of 
its  usefulness.  Published  papers  refer  to  an  "imprecision  problem."  What  is  required 
is  a  test  machine  which  will  give  statistically  repeatable  results  quickly  and 
economically  by  means  of  test  specimens  that  duplicate  the  si iding/r ol 1 ing  motions  found 
in  the  gearmesh.  The  ability  to  screen  lubricants  and  to  define  load-carrying  capacity 
with  precision  may  be  critical  in  the  development  of  high-temperature  gear  oils. 

The  drive  for  increased  installed  efficiency  requires  the  development  of  high 
temperature  gear  lubricants.  These  may  be  based  upon  existing  synthetic  stocks  by 
increasing  viscosity  and  adding  additives,  or  by  going  to  synthetic  hydrocarbon-based 
stocks.  In  any  event,  their  performance  in  the  gearmesh  environment  must  be  evaluated 
and  a  rationale  developed  which  allows  for  engineering  predetermination  ot  their 
usefulness  in  an  application.  This  may  require  combining  the  results  of  Disk  and  Ryder 
tests  with  EHD  programs  to  account  for  boundary  lubrication.  A  fundamental 
understanding  of  the  physical  and  chemical  interactions  between  tne  lubricant  and  the 
gears  is  lacking  at  this  time,  and  this  is  a  goal  that  must  be  given  more  emphasis. 

In  addition  to  the  technical  aspects  of  lubrication  it  follows  that  in  order  to 
secure  its  maximum  ef fecciveness;  i.e.,  maximum  penetration  for  cooling  and  EHD  film 
development,  the  lubricant  must  be  put  into  the  mesh  zone  proper ly ( 29-31 )and  removed 
from  the  gearbox  with  the  minimum  amount  of  energy  transferred  to  it. 


9 .  DESIGN  SYNTHESIS 


The  open  literature  contains  very  little  concerning  gear  synthesis  and  gear 
arrangements.  Yet,  these  ace  the  rationales  that,  in  combination  with  gear  lubrication 
and  stress  analysis,  will  make  a  truly  complete  gear  design  synthesis  program  possible. 

A  methodology  related  to  involute  gearing  which  synthesized  both  gear  arrangement  and 
design  to  predetermined  stress  levels  was  published  in  1963(32).  It  has  the  virtue  of 
simplicity  which  eases  reduction  to  a  computer  program  format. 

Dur.ng  September  of  1982  a  paper  was  presented  at  an  ASME  conference  which  may  have 
significant  potential  in  the  area  of  dedicated  gear  drives(33).  The  paper  presents  the 


should  be  a  valuable  tool  for  assaying  the  planetary  gears  in  existing  helico{>ters  dnd 
turboprop  gearboxes.  It  may  even  serve  as  a  guide  of  how  to  improve  tr.em.  It  has  the 
potential  of  being  transformed  into  a  design  tool  for  comparing  planetary  gears  with  the 
same  overall  ratio,  but  with  varying  numbers  of  planet  gears  and  gear  teeth.  This  would 
give  the  designer  the  opportunity  of  comparing  the  effects  of  different  coini>indt  ions  of 
tooth  numbers  which  result  in  hunting  ratio,  common  factors  and  simuitan.^ous  meshing. 
There  is  the  capability  of  expressing  the  numbers  of  gear  teeth  which  are  used  in  the 
equations  in  terms  of  overall  ratio,  and  further  generalizing,  so  that  all  types  of  the 
epicycle  differential  gear  may  be  examined. 


Dynamic  Analysis 


A  number  of  mathematical  models  have  been  proposed  to  resolve  the  dynamic  loads 
which  result  from  the  effects  of  tooth  spacing  errors,  wear,  profile  variations,  tooth 
tip  relief,  and  variations  in  stiffness  of  the  individual  tooth  pairs  as  the  location  of 
their  mutual  line  of  contact  changes  during  operation ( 15-18 ) .  With  NASA-Lewis 
sponsorship,  a  methodology  was  developed  and  incorporated  into  a  computer  program 
named,  "Gear  Dynamics"  (GRDYN),  which  will  handle  both  low-  and  h igh-contact-rat i o 
gearing { 19 ) . 

A  review  of  the  literature  reveals  that  from  a  vibration  and  dynamic  viewpoint,  the 
gearbox  is  being  addressed  as  an  isolated  entity  rather  than  as  a  component  of  a  larger 
and  more  complex  power  transmission  system  by  most  of  the  investigators.  A  few  have 
recognized  the  influence  of  all  of  the  other  components  involved ( 20 , 21 ) .  Displacement 
and/or  torsional  excitations  can  provide  a  stimulus  which  may  act  upon  the  drive  system 
to  induce  unwanted  torsional  vibrations.  This  includes  the  characteristics  of  the  prime 
mover,  the  load,  the  mount  system  and  the  vehicle  which  supports  the  drive  system. 


8.  LUBRICANTS  AND  LUBRICATION 


In  the  United  States  the  demands  of  logistics  require  that  the  lubricant  for 
turboprop  power  t ransmiss ions  be  MIL-L-7808  and/or  MlL-L-23699.  Neither  of  these  oils 
has  additives  which  are  beneficial  to  the  gearmesh.  There  is  a  specific  commercially 
available  brand  of  oil  which  meets  the  MIL-L-23699  specification  that  does  contain 
additives;  however,  the  gear  designer  is  not  permitted  to  specify  it.  Presently,  both 
the  engine  and  gear  train  are  served  by  a  common  lube  oil  source  whose  bulk  temperature 
is  normally  given  as  a  range  of  175®F  to  225'^F.  To  assure  meeting  design  requirements, 
it  is  assumed  that  operation  is  with  the  less  viscous  oil  at  its  maximum  bulk 
temperature.  This  places  obvious  constraints  upon  gear  design  options. 

Experience  with  the  T64  gearbox,  which  has  been  developed  from  1600  to  3500 
horsepower,  indicates  that  tooth  breakage  is  not  a  gear  failure  mode.  An  effective 
growth  limit  based  on  lubricant  properties  exists  which  does  not  allow  for  gear  root 
stress  capability  to  be  exploited.  Higher  power  levels  have  been  achieved  at  lower  bulk 
oil  temperatures.  The  suggestion  is  that  the  specified  lubricants  ate  the  barrier  to 
increased  performance . 

There  appears  to  be  three  viable  paths  available  to  immediately  increase  gear 
capabilities  and  two  development  areas  to  consider  for  the  future.  These  are: 

•  To  separate  the  gearbox  lube  oil  system  from  the  engine  lube  system  and  to  supply 
the  gears  with  a  gear  oil. 

•  To  seek  out  the  potential  increased  capabilities  claimed  for  the  Conformal  gear 
tooth  form. 

•  To  examine  the  potential  of  involute  gear  teeth  with  larger  tl.an  standard  pressure 
angles  in  the  double  helical  configuration. 

•  To  develop  high  temperature  gear  oils. 

•  To  develop  and  test  "synthesized"  gears. 

The  unexpected  appearance  of  a  lubricant  which  would  meet  present  oil  specification 
requirements,  maintains  sufficient  gearmesh  film  thickness  and  ccitained  additives  to 
improve  boundary  lubrication  conditions  when  needed  would  not  eliminate  any  of  the  items 
just  noted. 

NASA  has  sponsored  a  computer  program,  "Thermal  Elastohydrodynamic  Lubrication  of 
Spur  Gears",  {TELSGE)(22)  which  has  been  correlated  with  T64  operating  data.  The 
program  utilizes  both  temperature  and  pressure  viscosity  relationships  in  evaluating 
lubricant  performance.  The  line  of  action  is  divided  into  fifty  equal  divisions  on  both 
sides  of  the  pitch  point  and  a  solution  is  arrived  at  for  each  of  the  one  hundred 
points.  It  is  dedicated  to  the  elastohydrodynamic  lubrication  regime.  It  does  not 
account  for  the  additional  load-carrying  effects  of  additives  nor  does  it  consider 
boundary  lubrication.  The  output  is  available  in  either  numeric  or  graphic  form;  the 
latter  making  ideal  permanent  records  to  substantiate  design  decisions.  A  periodic 
publication  of  a  compilation  of  viscosity  coefficients  as  they  become  available  would  be 
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GEARBOX  MATERIALS 


The  light  metal  alloys,  aluminum  and  magnesium,  have  been  the  primary  materials 
used  for  helicopter  transmission  and  turboprop  gearbox  housings.  The  suppliers  of  these 
materials  have  been  improving  their  performance  with  regard  to  modulus  and  strength  at 
temperatures  above  300®P,  but  they  face  fierce  competition  from  ferrous  alloys  and 
composites.  The  composite  structure  of  the  Lear  Fan  aircraft  and  its  engine  power 
transmission  shafts  is  perhaps  the  ultimate  example  of  the  potential  of  composites. 

Boeing  Vertol  has  a  composite  CH-47  aft  rotor  shaft  torque  tube  and  an  engine- 
mounted  nose  bevel-gearbox  housing  under  development ( 12 ) .  The  composite  torque  tube 
section,  designed  for  unlimited  life,  is  approximately  23%  lighter  than  an  equivalent 
steel  tube.  The  composite  nose  gearbox  has  been  static  load  tested  to  120% 
single-engine  power.  It  is  approximately  80%  lighter  than  the  present  magnesium 
housing,  can  tolerate  operation  at  450*P,  and  has  the  potential  of  significant  noise 
reduction. 

The  potential  of  higher  gearbox  operating  temperatures  has  resulted  in  a  move  away 
from  light-alloy  housings  to  a  stainless  steel  fabricated  main  housing  by  Sikorsky ( 2 ) . 

A  lighter  weight  and  less  costly  housing  is  claimed.  A  close  matching  of  the 
coefficients  of  thermal  expansion  between  the  housing,  bearings  and  gearshafts  are 
substantial  aids  in  operational  and  cost  performance.  Other  noted  advantages  are  the 
virtual  elimination  of  corrosion,  fewer  required  machining  operations  and  the 
elimination  of  beating  liners,  studs  and  inserts. 


6 .  BEARINGS 


It  would  be  expected  that  bearing  life  and  reliability  would  meet  system  design 
requirements.  This  confidence  level  is  based  upon  the  continuing  development  of  bearing 
materials  with  improved  fatigue  and  impact  properties,  the  analytic  capabilities  of 
present  computer  programs  and  the  ability  of  bearing  manufacturers  to  produce  precision 
products. 

Presently,  VIM-VAR  M-50  is  a  premium  bearing  material  which  has  not  proven  itself 
to  be  suitable  for  the  gear  environment.  The  steels  which  are  of  interest  to  gear 
designers  are  those  which  will  tolerate  increased  operating  temperatures  and  excel  in 
operation  functioning  as  gears  and  beatings.  This  has  come  about  by  the  effort  to 
increase  the  load  capacity  of  gears  which  results  in  smaller  gear  sizes  for  a  given 
torque  load.  Unfortunately,  smaller  gear  sizes  translate  into  larger  beating  loads. 

The  potential  fretting  problem  between  the  inner  race  and  shaft  journal  may  be  avoided 
by  making  use  of  integral  inner  races.  When  this  is  done,  the  bearing  load  capacity  is 
usually  increased  since  a  larger  diameter  rolling  element  may  normally  be  used. 

It  appears  that  the  U.S.  helicopter  manufacturers  are  working  to  reduce  the  number 
of  beatings  required  to  support  the  bevel  gears  in  their  main  transmissions.  Boeing 
Vertol  has  chosen  the  tapered  toiler  bearing  for  this  purpose(12).  They  have  relocated 
Che  cone  back-face  rib  to  the  cup  front-face  and  made  the  cone  integral  with  the 
gearshafc.  The  new  location  of  the  rib  traps  oil  for  improved  rol ler-to-rib 
lubrication.  Also,  the  use  of  tapered  roller  bearings  in  this  application  reduces  the 
number  of  bearings  required  per  gearshaft  from  three  to  two.  This  has  decreased  the 
length  of  the  gearshaft  and  the  overall  size  and  weight  of  the  bevel  nose  gearbox. 
Sikorsky  Aircraft  is  developing  a  hybrid  roller  bearing  with  the  object  of  increasing 
its  thrust  capacity  and  thereby  eliminating  the  need  for  a  bail  thrust  bearing.  This 
bearing  was  incorporated  into  a  proof-of-principle  main  transmission  and  run  at  full 
speed  and  load. 

There  are  ongoing  programs  to  prove  ball  bearing  geometry  and  materials  at  high  DN 
values;  i.e.,  two  million  DN  and  three  million  DN.  It  is  feasible  to  consider  that  a 
bearing  for  an  aircraft  gas  turbine  gas  generator  may  run  at  these  DN  values,  however, 
such  a  requirement  will  probably  not  be  necessary  for  a  turboprop  gearbox. 

Modern  computer  programs  are  available  for  designing  and  evaluating  bearings  of 
many  different  types  for  use  in  a  variety  of  applications.  A  ge&rshaf t-bearing  assembly 
may  be  analyzed  as  an  interacting  system  subjected  to  a  complex  load-speed-t ime  duty 
cycle.  Items  such  as  bearing  internal  geometry  and  clearances,  e.  lastohydrodynamic 
lubrication;  the  centrifugal  field,  materials,  temperature,  etc.,  are  involved  in  the 
rationale.  Life  multipliers  are  constantly  being  correlated  with  field  experience.  As 
a  result,  the  anticipated  life  and  reliability  of  all  of  the  bearings  in  a  complex  drive 
system,  as  well  as  the  overall  system  reliability,  may  now  be  predicted  with  increased 
conf idence . 


7 .  LIFE  ANALYSIS 


Basic  research  relating  to  the  surface  fatigue  life  of  gears  has  been  reported  on 
by  NASA-Lewis  invest  igatots ( 13 )  .This  work  has  been  expanded  to  include  a  reliability 
model  for  planetary  gear  trains(14).  The  model  is  based  on  the  Weibul  distribution  of 
the  individual  reliabilities  of  the  gears  and  bearings  which  make  up  the  machine.  This 


Figure  4 

High-Temperature  Gear  Lube  Test  Stand 


There  are  steels  with  hot-high  hardness  strength  from  which  gears  have  been 
manufactured  and  incorporated  into  helicopter  ground  test  vehicles.  The  steels  of 
primary  interest  are  CBS600,  VASCO-X2  and  Carpenter  EX-00053.  The  former  two  are 
considered  to  be  good  bearing  steels  so  the  option  of  designing  gearshafts  with  integral 
bearing  races  exists.  However/  testingO)  indicates  that  CBS600  and  VASCO-X2  do  not 
display  statistical  gains  over  AISI  9310  in  bending  fatigue  life.  Moreover,  they 
exhibit  a  potential  for  a  surface  fatigue  spall  which  acts  as  a  nucleus  for  a  tooth 
fracture  failure.  Their  advantage  is  their  ability  to  maintain  hardness  and  .strength  at 
temperatures  that  render  AISI  9310  useless. 

Another  steel  which  exhibits  high  hot-hardness  strength  and  zs  be^ng  tested  as  a 
candidate  material  for  gas  turbine  main  shaft  bearings  is  a  modified  Aisi  M50  designated 
M-50NIL(10).  It  is  among  a  new  generation  of  materials  being  developed  which  will 
provide  improved  fracture  toughness  and  corrosion  resistance.  Tests  conducted  with 
bearings  made  of  a  carburizing  grade  of  AISI  M-50  showed  no  tendency  toward  fracture  nor 
an  indication  of  incipient  fracture  although  the  bearings  had  spalled.  It  nas  not  yet 
been  determined  whether  the  favorable  characteristics  exhibited  in  beating  tests  will 
carry  over  into  the  gear  environment. 

The  importance  of  developing  steels  that  perform  well  in  both  gear  and  bearing 
applications  cannot  be  overemphasized,  in  addition  to  the  size  and  weight  benefits 
gained  by  gearshafts  with  integral  bearing  inner  races  there  is  the  avoidance  of 
fretting  to  be  considered. 

With  aerospace  gears  the  final  stages  of  the  manufacturing  process  may  vary  after 
hardening.  Some  gears  are  protuberance  hobbed  so  that  the  final  grinding  operation  does 
not  affect  the  root.  Gears  with  ground  and  unground  roots  have  had  their  roots 
shot-peened  to  increase  bending  fatigue  life.  Whether  shot-peening  has  been  extended  to 
the  tooth  flanks  to  Improve  pitting  fatigue  life  in  operation  is  unknown.  Had  the 
researches  of  Townsend  and  Zaretskydl)  been  published  earlier#  no  doubt  the  process 
would  have  been  qualified  for  production  gears. 


3. 


GEAR  TOOTH  FORMS 


Ongoing  projects  and  studies  relative  to  gear  tooth  forms  may  have  a  significant 
impact  upon  future  power  transmission  systems.  The  involute  tooth  form,  the 
Wildhaber-Novikov  tooth  form  and  a  potential  synthesized  gear  tooth  form  are  being 
examined.  The  former  two  are  undergoing  serious  development  in  the  analytic  and 
hardware  stages  while  the  synthesized  tooth  form  exists  as  a  computer  program.  A  number 
of  involute  gear  tooth  form  modifications  have  been  developed  and  are  undergoing  test  in 
the  United  States  in  association  with  advanced  helicopter  transmission  programs.  A 
similar  activity  is  taking  place  in  England,  except  that  the  tooth  form  is  "conformal." 

In  both  countries  the  goal  is  to  improve  load  carrying  capabilities.  The  involute 

modifications  are  essentially  related  to  high  contact  ratio  gearing.  The  effort  is 

being  carried  out  by  Boeing  vertol.  Bell  and  Sikorsky  under  contract  with  NASA-Lewis  and 

the  u.S.  Army  Research  and  Technology  Laboratories. 

Sikorsky  Aircraft  has  developed  a  high-contact-ratio  involute  tooth  form  which  has 
a  standard  20®  pressure  angle  on  the  drive  side  and  a  25®  pressure  angle  on  the  coast 
side  which  they  have  chosen  to  call  a  "buttressed"  tooth  fotm(l).  The  planetary  gearset 
of  a  development  Black  Hawk  transmission  was  made  up  with  buttressed  tooth  form  gears 
and  ran  at  full  load  in  a  test  transmission.  Published  test  results(2)  claim  an 
increase  in  gear  fatigue  life  of  65:1  over  that  of  a  standard  involute  tooth  form  due  to 
the  reduction  of  gear  tooth  bending  stresses  inherent  in  the  high-contact-ratio  design. 

It  is  expected  that  an  increase  in  load  capacity  is  achievable  for  the  modified 
transmission.  It  was  also  noted  that  the  high-contact-ratio  gearsets  have  increased 
lube  oil  temperature  differentials  when  compared  to  standard  involute  gearing. 

Bell  Helicopter  published  the  results  of  engineering  calculations  which  predicted 
the  resuits  of  a  series  of  tests  which  were  to  be  run  in  a  common  planetary 
ar rangeme.nt ( 3 ) .  Standard  spur  gears,  high-contact-ratio  spur  gears  and  double-helical 
gears  were  to  be  evaluated.  Planetary  gears  made  up  of  each  tooth  form  were  to  be  run 
sequentially  in  the  same  gearbox,  under  similar  test  load  conditions.  At  the  time  of 
writing,  the  results  of  the  tests  were  not  yet  made  public;  however,  calculated  test 
results  indicated  that  the  double-helical  gears  would  be  the  most  efficient  and  have  the 
lowest  lube  oil  temperature  rise. 

Another  variation  of  the  basic  involute  was  designed  and  manufactured  by  the  Boeing 
Vertol  Company  and  designated  as  the  New-Tooth--Form  ( NTF) { 4 ) . Th is  tooth  form  was  a 
h igh-contact-cat Lo  spue  gear  with  large  profile  modifications  at  both  the  addendum  and 
dedendum.  The  profile  radius  of  curvature  was  reduced  at  the  addendum  and  increased  at 
the  dedendum  in  an  effort  to  reduce  sliding.  Test  results  indicate  an  increase  in 
pitting  fatigue  life,  decreases  in  scoring  and  bending  capabilities,  and  an  increase  in 
operating  temperature  as  compared  to  standard  involute  low-contact-ratio  gears(5). 

In  England,  Westland  Helicopter  is  utilizing  gears  which  have  circular-arc  tooth 
forms  for  the  last  reduction  stage  in  the  main  transmission  of  their  Lynx  heli- 
coptet(6).  The  tooth  form  has  been  derived  from  the  Wildhaber-Novikov  tooth  system 
which  Westland  has  designated  as  Conformal.  The  tooth  profiles  are  basically  circular 
arcs,  the  pinion  having  a  convex  surface  and  the  gear  a  concave  form.  Theoretically, 
the  Conformal  has  a  point  contact  as  opposed  to  the  line  contact  of  an  involute? 
however,  in  practice  an  elliptical  contact  pattern  exists.  It  is  claimed  that  their 
load  capacity  is  501  greater  than  involute  capacity  for  case  hardened  and  ground  gears 
and  that  they  experience  slightly  lower  Iosses(7).  Early  test  reports  stated  that  they 
were  sensitive  to  center  distance  variation.  If  so,  that  problem  is  evidently 
susceptible  to  detailed  engineering  analysis  and  profile  modification.  There  are 
coftipromises  to  make  in  its  application;  a  relatively  long  face  width  is  required  since 
it  drives  through  its  helix  and  its  performance  improves  as  the  ratio  increases.  The 
Conformal  tooth  form  allows  for  a  pinion  with  an  extraordinarily  low  number  of  teeth  to 
be  made  for  use  in  a  power  transmission  gearset.  The  result  i£  the  ability  of  a  pair  of 
gears  to  achieve  a  large  speed  ratio. 


4  .  GEAR  bearing  MATERIALS 


One  approach  to  increasing  overall  aircraft  performance  is  to  decrease  the  heat 
rejeirtion  rate  of  the  installed  machinery.  In  order  to  achieve  this  goal  the  operating 
temfserature  must  be  increased.  The  idea  of  operating  gears  a.:  higher  temperatures  is 
not  a  new  one.  Almost  thirty  years  ago  a  high  temperature  gear  test  stand(Fig.4)  was 
put  into  operation  and  testing  conducted(8 ) .  Gear  materials  that  could  function  at 
elevated  temperatures,  up  to  600®F,  were  identified.  Lubricants  were  not. 

The  vast  majority  of  turboprop  gears  have  been  made  of  AISI  9310  steel.  AS  the 
quality  has  improved  from  premium  quality  air-melt  to  Consumable-Electrode-Vacuum  Melted 
(CEVM)  and  to  Vacuum  Induction  Melted-vacuum  Arc  Remelted  <''IM-VAR),  it  has  been 
incorporated  into  the  product.  However,  the  material  improvements  due  to  cleanliness 
have  not  affected  the  tempering  temperature  of  approximately  300®F,  thus  present 
gearboxes  are  temperature  limited.  Moreover,  there  has  been  no  incentive  to  use  high, 
hot-hatdness  gear  steels  in  the  past  due  to  the  inability  of  lubricants  to  maintain  a 
sufficient  film  thickness  at  elevated  temperatures. 


investment  and  life  cycle  costs.  Future  turboprop  gearboxes  will  feature  the  absolute 
minimum  number  of  gears  required  to  perform  the  desired  function  consistent  -^ith  what 
advances  in  materials,  lubricants,  gear  tooth  form  and  bearings  will  a’low. 


Figure  2 

Turboprop  Double-Reduction  Doable  Branch  Offset  Gearbox 
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Figure  3 

Western  Gear/Lear  Fan  Propeller  Gearbox 
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The  major  share  of  power  transmission  research  and 
development  during  the  past  twenty  years  has  been  expended  on  the 
improvement  of  helicopter  main  rotor  drives.  Fortunately,  most  of 
the  advanced  technology  features  resulting  from  these  efforts  are 
directly  applicable  to  turboprop  transmissions.  The  technology 
base  is  made  up  of  a  number  of  interacting  disciplines  whose 
application  is  tempered  by  economics  as  well  as  the  engineering 
state  of  the  art  at  any  given  time.  Modern  computers  are  playing 
an  ever  increasing  role  in  the  design  process  and  promise  to  be 
the  means  of  removing  gear  design  from  its  empirical  background. 

1.  INTRODUCTION 


The  increase  in  the  price  of  fuel  as  a  percentage  of  direct  operating  costs  has 
stimulated  interest  in  the  turboprop  engine  as  a  potential  replacement  for  turbofan 
engines.  Although  popular  immediately  following  World  War  li,  it  was  soon  displaced  on 
large  transport  aircraft  by  increasingly  improved  turbofan  engines  which  allowed  for 
higher  cruise  speeds  and  eliminated  the  speed-reducing  gearbox  by  having  a  direct  drive 
between  the  power  turbine  and  the  fan.  in  areas  where  economics  or  high  thrust 
capability  at  low  velocities  were  the  governing  criteria,  rather  than  speed,  the 
turboprop  held  its  own  as  evidenced  by  its  many  applications  in  military  and  general 
aviation  aircraft.  With  the  exception  of  the  CT7  and  the  PWlOO  series  engines,  plus  the 
engine/geacbox  combination  powering  the  Lear  Fan,  all  of  the  major  turboprop  engines 
were  certified  prior  to  1968.  Twenty  years  or  more  have  passed  since  the  initiation  of 
their  designs.  In  that  interim  the  helicopter  was  found  to  be  a  most  attractive  machine 
in  a  broad  application/utilization  area  and  attention  was  given  to  its  development,  in 
the  meantime,  dedicated  turboprop  transmissions  have  experienced  increased  load 
capabilities  by  means  of  continuing  product  improvement  programs.  These  include  the 
qualification  and  use  of  improved  materials,  as  they  become  available,  and  design 
changes  within  the  constraints  of  an  existing  product. 

Historically,  turboprop  and  helicopter  gear  arrangements  have  favored  some  form  of 
the  epicyclic  differential  gear  for  the  last  reduction  stage.  The  gear  teeth  have  been 
of  the  involute  tooth  form  and  engine  oil  has  been  specified  for  the  gearbox  to  satisfy 
the  demands  of  logistics.  Recently,  there  has  been  a  trend  to  use  other  types  of  gear 
systems.  For  example,  neither  the  CT7,  PWlOO  nor  the  Lear  Pan/western  Gear  turboprop 
gearboxes  utilize  epicyclic  gearsets.  This  also  applies  to  the  power  transmission 
system  of  the  Westland  Lynx  helicopter.  In  addition,  conformal  gears  rather  than 
involutes  are  used  in  its  last  reduction  stage,  and  it  has  its  own  lubrication  system. 

A  gear  oil  is  specified  rather  than  an  engine  oil  so  as  to  not  compromise  the  gears. 

The  state  of  the  art  in  gearing  is  largely  based  upon  empiricism.  However,  some  of 
the  accomplishments  of  recent  years,  aided  by  the  enormous  high-speed  computational 
capability  of  modern  computers,  have  increased  our  knowledge  and  understanding  of 
fundamentals  and  suggest  that  further  advances  may  be  made. 


2 .  GEAR  ARRANGEMENT 


A  review  of  turboprop  engines  listed  in  several  volumes  of  ’Jane's  All  the  World's 
Aircraft,"  with  regard  to  gear  arrangement,  illustrates  the  popularity  of  the  epicyclic 
differential  gearset  for  this  application(Fig . 1 ) .  Of  twenty  older  engines  surveyed, 
fully  eighteen  of  them  incorporated  some  form  of  this  type  of  gearset  in  their  propeller 
drive  trains.  This  popularity  exists  for  single  and  dual  gas  turbine  engine  drives  and 
for  counter-rotating  and  single  rotation  propellers.  The  exceptions  are  the  Bristol 
Coupled  Proteus  and  the  Napier  Naiad. 

The  latest  turboprop  engines  to  appear  in  North  America  have  abandoned  this 
t rend ( Fig . 2 ) .  The  CT7  and  the  PWlOO  series  engines  both  make  use  of  double-reduct ion  , 
double-branch  offset  layouts  which  have  simple  geometries  and  fewer  parts  than 
comparable  epicyclic  gearsets.  The  gearbox  designed  and  developed  by  Western  Gear  for 
the  new  Lear  Fan  aircraft  has  dual  inputs  and  a  single  output  which  drives  a  pusher 
propeller  mounted  at  the  rear  of  the  f uselage{ Fig . 3 ) .  It  is  different  in  that  a  spiral 
bevel  'V"  drive  with  7'’  shaft  angles  is  used  for  the  drive  gears.  All  of  these 
gearboxes  stress  overall  design  and  manufacturing  simplicity  and  a  minimum  number  of 
parts.  A  new  trend  which  extols  simplicity  appears  to  have  begun.  This  is  no  doubt  a 
reflection  of  the  increasing  emphasis  placed  upon  reliability,  maintainability,  initial 
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<Speaker  not  identified) 

Do  you  use  MSO  in  gears  also? 


Author's  Reply 

No,  we  use  Vasco  X2. 


OlSt  l  SSON 


G.Krcsdmeier,  (ic 

Did  you  make  amiparison  icsls  hclwccn  lapcrcd  roller  bcanng>  and  ball  evlindrical  roller  beannus  m  llie  Ciise  ol  oil- 
otf'  ‘ 

WhiU  results  did  yrm  gel? 


Author's  Reply 

We  have  eonducted  a  eonsiiJerablc  number  t)f  lul-off  and  minimal  oil  flo^v  tests  on  sssieir  s  ith  all  three  types  ol 
bearings,  but  no  one-on-one  eomparisons  within  a  fixed  system.  In  general,  tapered  roller  bearings  tared  much  more 
p<H)rly  in  both  cases  due  to  rapid  failure  at  the  rib.  When  supplied  with  minima!  oil.  however,  performance,  while  iH)! 
optimum,  was  good. 


L.Batt«2zato,  It 

Literature  shows  that  by  adding  rcinhireing  elements  to  M(»  alloy,  we  obiain  a  got>d  inerease  of  L  IC  and  YS.  The 
elongation  instead  is  expected  to  becvmic  very  low  i>r.  in  other  words,  tlic  strueiurc  becomes  very  Iragile.  Can  you 
eommeiil  on  this  and  show  which  type  »»t  reinforcement  alhiws  a  better  eharaeterisiie  as  lar  as  the  fragility  is  eoneerned 

Author's  Reply 

Much  work  is  eurrenily  being  done  using  MC»  KP  metal  matrix  composites-  Alter  much  deseU»pmeni.  it  has  been  our 
experience  that  rigidity  is  very  much  improved  but  with  no  appreciable  penalty  on  impact  resistance.  I  he  fibres 
themselves,  in  the  uneompounded  state,  arc  fragile,  but  not  so  m  the  east  .MM( '  state.  Programs  .ire  under  way  bin  no 
further  documeniatum  is  available  at  this  time. 


B.A.Shotter.  UK 

Do  you  see  any  problems  associated  with  theoplimi/aljon  of  the  lubricant  when  associated  with  the  new  gearing 
maierial.s  and  with  T.D.C.  coalings «)n  bearings? 

Author's  Reply 

Preliminary  tests  show  no  problem  with  or  7x().X  or  Shell  5 5 5.  etc.  I  see  no  real  prohlcm  with  luuire  oils. 


J.Ctodston,  US 

I  lousing  materials  —  vvhat  are  the  properties  lor  composites  dealing  with  stability  lor  clearance  control  (whai  aNuii 
long  lime  slahilitv)? 

When  will  the  technology  be  available  h'r  produclu>n  products 

With  gear  and  bearing  material  advances  pointing  i«>ward  lemperaliirc  in  the  to  40b  +  capabilities,  eomposiie 
materials  need  lo  have  this  capability.  What  is  being  done  to  provide  this  capability? 

What  is  the  program  and  what  is  the  plan  to  pul  this  in  the  world  engineering  community 

Author's  Reply 

Larly  tests  showed  some  long  term  creep  problem.s.  hut  more  rcccnl  designs  have  show  n  I'lily  minimal  problems. 

At  higher  tempciatures.  conventional  epoxy  fiberglass  probably  will  n<»l  vvork.  Best  potential  solution  appears  to  be 
metal  matrix  composites. 

Much  research  is  under  way  on  MMC.  but  it  is  ■‘sensitive’'. 


R.Fran^ois,  Fr 

What  is  considered  as  being  the  minimum  life  (for  bearing  races  or  gear  teeth)  lor  l  Alv  integrated  designed  parts  .* 

Author's  Reply 

1 .  Fully  integrated  spiral  bevci/tapered  roller  bearings  are  not  in  production  yet,  Next  generalion  will  use  such 
design. 

2,  Current  production  uses  some  cylindrical  races  as  integral  parts  of  the  gear.  Such  parts  are  normally  removed 
■*on-condition”only.  thu.s  rro  minimum  life  is  specified. 

For  future  requirement.s  (which  i.s  the  topic  of  this  paper),  design  life  of  bearings  may  well  be.  for  fully  integrated 
design,  5,000  to  20.000  hrs..  probably  higher  on  an  “on-conditii^n"  basis.  Vhis  is  true  because  most  current  failuie 
are  not  actually  real  B*  10  type  failures  but  may  be  traced  \o  secondary  forces.  By  minimizing  potential  secontlary 
sources,  actual  life  will  he  extended. 
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CONCLUSION 


The  developments  described  in  this  paper  represent  a  Cew  of  the  major  accomplishments  in  advancing  the 
technology  of  rotary-wing  aircraft  transmission  components.  The  combined  effect  of  these  developments  will 
provide  a  drive  system  with  significant  advantages,  including  lighter  weight,  less  complexity  and  cost, 
fewer  faying  surfaces  and,  potentially,  longer  component  life  and  increased  reliability. 

A  few  of  these  advances  have  already  been  incorporated  into  the  modernized  CH-47D  helicopter. 
Although  there  has  been  no  change  in  the  basic  arrangement  and  speed  reduction  of  the  CH-47C  and  CH-47D 
drive  system,  there  have  been  significant  improvements  in  weight,  reliability,  and  life-cycle  costs 
effected  through  the  use  of  integral  gears  and  bearings,  high-temperature  gear  steel  (VASC0-X2),  tapered- 
roller  bearings,  an  auxiliary  lube  system,  and  an  integral  oil-cooler  system.  The  CH-47D  transmissions 
have  successfully  completed  extensive  bench  and  flight  testing  and  are  now  in  production. 

The  next-generation  transmission  will  incorporate  many  more  advanced  technological  concepts  to  achieve 
the  desired  drive  system  goals  mentioned  earlier.  Figure  14  illustrates  how  advances  in  technology  can 
improve  a  transmission.  The  CH-47  engine  transmission  modifications  over  the  years  to  increase  its  power 
capacity  while  keeping  weight  increases  to  a  minimum  are  such  an  example.  The  original  CH-47A  nelicopter 
was  designed  with  the  technology  of  the  late  1950s  and  early  1960s.  Over  the  years,  changes  were  incor¬ 
porated  to  increase  the  power  capacity  while  maintaining  the  basic  envelope.  The  CH-47C  engine 
transmission  was  capable  of  a  60-percent  increase  in  single-engine  power  with  only  a  17-percent  increase  in 
weight.  The  current  production  CH-47D  engine  transmission  power  capacity  has  increased  an  additional 
23-percent  with  only  a  2-percent  increase  in  weight.  Projections  based  on  the  advances  discussed  in  this 
paper  would  result  in  an  engine  transmission  that  can  transmit  85-percent  more  power  than  the  original 
CH-47A  and  weigh  less. 


\  TRANSMISSION 

\  CONFIGURATION 

_ \ 

CH47A  11980) 

CH-42C(LATE  1980  S) 

CH-47D  (MIO1B70’S) 

ADV.  XMSN  l19iO’SI 
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IE 
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4.9;0  HP 

3.750  HP 
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7.500  HP 

4.600  HP 
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CONFIGURATION 
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CEVM9310  -  GEARS 
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CEVMM-50-  BEARINGS 
CEVM  VASCO  X2- GEARS 

MOOIFIEDSTEELS 

CEVM  CBS  600  BEARINGS 
VIM  VAR  VASCO  X2  GEARS 

STANDARD BAllftROllER 
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OUT  OF  ROUNO  ROLLER 
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INTEGRAL  SPACERS 

OUT  OF  ROUND  ROLLER 
BEARINGSWITH 
INTEGRAL  SPACERS. 
HIGH-SPEED  CLUTCH 
BEARINGS 

HIGH  SPEED.  CUP  RIBBED 
tapered  ROLLER 
BEARINGS, COMPOSITE 
HOUSING 

SPLINEO  GEAR  10  SHAFT 

BOITCO  GEAR  TO  SHAFT 
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GEAR/SHAFT 

ONE  PIECE  INTEGRAL 
GEAR/BEARINC /SHAFT 

MAJOR  COMPONENTS 

71 

74 

20 

15 

FAYING  SURFACES 

45 

38 

31 

16 

NO.  SEARINGS 

1 

B 

7 

5 

TOTAIWEIGHT 

105  LB 

129  LB 

125  LB 

100  5  LB 

$■€.  HP 

IS 

23.S7 

30  49 

9B.B0 

45  77 

Figure  14.  Advancements  in  Transmission  Design 


In  addition  to  reduced  weight,  many  other  significant  advantages  can  also  be  achieved.  Major  parts 
count  is  reduced  by  65-percent,  and  the  number  of  bearings  is  reduced  by  37-percent.  Each  of  these  items 
has  a  significant  effect  on  initial  cost  and  system  reliability.  Fewer  bearings  and  faying  surfaces  will 
greatly  reduce  the  major  source  of  transmission  removals  and  causes  of  component  rejection.  In  approxi¬ 
mately  20  years,  the  power  transmitted  per  pound  of  transmission  weight  has  doubled. 

The  marked  advantages  to  a  rotary-wing  aircraft  transmission  system  that  can  accrue  from  component 
development  are  evident.  We  believe  that  continuing  research  and  development  programs  leading  to 
integrated  assembly  and  improved  analysis  and  testing  of  advanced  components  will  provide  the  technology  to 
meet  the  goals  of  the  1980s  and  beyond.  Results  of  programs  to  date  indicate  that  continuation  of  these 
efforts  will  provide  significant  and  fruitful  results  for  future  helicopter  drive  systems. 
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The  composite  rotor  shatt  was  tested  under  combined  bending  and  torsional  fatigue  loads.  The  bending 
loads  applied  are  approximately  double  the  design  8-degree  tlap  angle  load,  and  the  torsional  load  is 
equivalent  to  the  design  torque  rating  of  the  shaft.  The  torsional  loads  are  carried  into  and  out  of  the 
composite  tube  through  the  radial  pins  connecting  the  upper  and  lower  steel  sections.  The  bending  loads 
are  taken  by  socket  action  between  the  inserted  steel  pieces  and  the  tube  inside  diameter.  Testing  of  the 
composite  center  section  meets  the  design  goals  of  the  composite  rotor  shaft.  These  tests  also  demonstrate 
that  composite  structures  can  be  used  in  this  critical  area  of  a  helicopter  drive  system. 

Composite  Transmission  Housings 

Compared  to  the  magnesium  castings  now  used,  potential  advantages  of  a  composite  transmission  housing 
include  thermal  stability,  excellent  specific  stiffness  and  strength,  and  resistance  to  corrosion.  In 
addition,  with  the  use  of  a  high-temperature  polyimide  matrix,  the  stiffness  and  strength  of  the  assembly 
can  be  maintained  tc  450'F  or  even  higher,  depending  upon  the  choice  of  matrix  material. 

A  CH-47  engine-mounted  nose  gearbox  designed  and  fabricated  from  graphite  and  polyimide  composite 
material.  This  gearbox  is  a  single-bevel -mesh  unit  with  a  reduction  ratio  of  1.23  to  1  and  a  power 
capability  of  4,600  hp  at  an  input  speed  of  approximately  15,000  rpm.  The  production  gearbox  housing  is  a 
magnesium  casting  with  a  weight  of  ?5  pounds. 

The  fabrication  method  for  this  housing  was  selected  on  the  basis  of  potential  minimum  production 
cost;  it  eliminates  hand  layups,  multiple  cure  cycles,  and  secondary  bonds,  Filament  winding  appears  to 
best  fulfill  these  requirements.  A  compatible  graphite  filament  and  polyimide  resin  system  was  selected 
from  a  number  of  candidates  with  temperature  capability  appropriate  to  current  lubricating  oils  (around 
300°F  oil-out)  with  a  suitable  margin  for  emergency  mode  oil-off  operation.  This  margin  requirement 
eliminated  epoxy  systems  from  consideration.  Therefore,  Kerimid  711,  a  modified  bismalyimide  resin,  and 
Hercules  AS-4  graphite  fiber  were  selected. 

The  properties  of  the  composite  housing  made  possible  defl''ctions  at  key  points  equal  to  or  less  than 
those  of  an  equivalent  magnesium  housing  and  a  weight  saving  of  approximately  20  percent  was  effected. 

The  dynamic  components  of  a  CH-470  engine  transmission  were  installed  into  the  composite  housing.  The 
gear  teeth  and  composite  housing  were  strain-gaged  in  critical  areas,  and  a  series  of  static  and  dynamic 
tests  was  conducted  with  the  test  rig.  Figure  13,  which  shows  the  composite  housing  installed  in  the  test 
stand  along  with  a  standard  magnesium-housing  engine  transmission.  The  composite  housing  successiully 
completed  a  series  of  static  load  tests  at  ambient  and  elevated  temperatures.  Data  were  recorded  for  loads 
up  to  120  percent  of  single-engine  power  and  compared  with  existing  data  for  a  magnesium  housing. 


Figure  13.  Gearbox  Test  Stand 


Test  results  indirale  that  a  composite  material  can  be  used  in  the  fabrication  of  a  transmission 
housing,  and  it  will  achieve  design  objectives. 

The  improvements  m  weight  and  especially  stiffness  achieved  through  the  use  of  composite  materials 
alrDost  insures  their  application  to  future  transmission  designs. 
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DISCISSION 


Ph.Ramettc.  Kr 

Could  you  >(alc  precisely  the  nature  of  the  compoMiion  ol  the  improved  high  lemperalure  luhricanl  which  you  have 
tested? 


Au(h<irN  Reply 

The  lubricants  used  in  the  164  arc  either  MIL*I.*7K(»S  tir  Ml!  .•l.•23hVV,  T  he  correlation  belween  the  programme 
•  Thermal  Tlastohydrodynamic  l.ubricaiion  ol  Spur  (iears**am)  the  164  planetary  gear  was  done  with  rielJ  service 
experience  and  comparison  with  the  results  ot  taher  calculation  mctliods. 


H.lamsUiet.  Kr 

\ou  have  shown  a  pi«  lurc  ol'a  future  turboprop  using  one  stage  of  reduction.  Oo  you  think  that  such  a  high  reduction 
ratio  IS  achieval -'c  in  tme  stage  of  reduction  ’  What  is  the  limit  lor  this  ratio? 

AuthorN  Rcpl> 

1 .  Yes.  The  gear  set  shown  is  of  the  ’conformal"  tooth  toi  m  and  is  presented  as  a  double  helical  ivpc.  I  he  lacc-to- 
diamclcr  ratio  ol  the  pinion  is  (*  7  h>r  each  pinion  helix.  Ihc  "conformal"  design  allows  for  a  pinion  with  an 
extremely  low  number  of  leelh- 

2.  rhis  has  not  been  explored. 


J.(«ndston.  I  S 

Propeller  or  prtip-tan  pitch  emilrol  studies  under  NASA  contract  are  ideniitying  concepts  which  will  not  require 
inleg ration  o)  the  pilch  control  with  the  gearbox.  Are  you  aware  of  these  studies  ami  programme? 

You  mentioned  simple  gearboxes  like  ("I'7.  PWlOO  ami  Westland  eimlormal  simple  gear  Uu  a  single  rotation  propeller 
What  about  eounter-mlalion  ’ 

Author's  Reply 

(  "17  experience  was  inferred.  Maior  control  system  suppliers  are  Woodward.  Bendix  and  I  lamilion  Standard,  and 
either  may  he  specified  by  the  customer.  The  result  was  a  horror  because  each  had  a  preferred  geometry  for  speeirie 
pads  difference  preferred  speeds,  etc.  Ihc  trend  ol  packaging  cvcrlhing  in  the  propeller  hub.  with  a  simple  dri\  c  slialt 
coming  thnuigh  the  propeller  shaft  to  provide  power,  simplifies  the  design  of  the  power  transmission  gearing  bv  mit 
affecting  gear  arrangement  selection.  I  know  that  studies  arc  going  on.  but  am  not  aware  of  publication. 

I'o  the  best  of  my  knowledge,  the  simplest  gear  arrangement  for  a  counter  rotating  turboprop  fan  drive  is  a  free  floating 
simple  epieyehe  differential  gear. 
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ik'.irho.x  eojnponent  analysis  t  r;u!  i  r  i  onal  1  y  doals  uith  the  ealculation  of  lurtrian 
stresses  at  j^car  eontactiiyi;  surfaces  and  the  fillet  stresses  at  the  tooth  hn><(.<  causevl 
by  the  meshing  loads.  Major  assumptions  are  often  made  regarding  the  dynamic  loads  and 
tlie  variation  of  loads  across  teeth  due  to  tn  i  sa  1  i  giaueti  t .  l.itfle  attention  is  ]ia  i  d  to 
go.ir  weight  opt  i  in  i  ~  at  i  on ,  or  stresses  generated  at  complex  interaetions  such  as  splines 
or  fretting  surfaces  between  flanges. 


riiis  paper  outlines  current  methods  using  51>  11  analysis  that  examines  some  of  the 
more  complex  surface  to  surface  interactions,  as  well  as  addressing  the  loading  experi¬ 
enced  between  dynamically  active  teeth  meshing  at  higli  speed. 

To  success  fill  ly  design  a  light  weight  and  durable  gearbox  for  aircraft  applications 
complex  computer  modelling  is  necessary  and  new  theories  of  failure  are  needed  To  deal 
with  sucfi  aspects  as  fretting  fatigue. 

-  I’W  1  IIP  (ll:AKhOX  A\t>  INI  AKl--  AJtUA^llAlI  NT 

[he  (‘h'lno  engine  uses  a  conventional  g<a  rl’o.x  .'eng  i  no  arj’angement  witli  an  ol't'sot 
pro[H'ller  and  a  ram  air  inl.ike.  liie  basic  reasons  ftir  this  a  r  ra  n  gcniieii  t  tiave  been 
discussed  in  detail  in  ref.  I  aiul  are  summari:-ed  i'olow. 


Ihe  offsi't  arrangement  gives  excellent  insiallation  !  1  <' x  i  b  i  1  i  t  y  in  tiuat  the  pro¬ 
peller  can  he  mounted  above  the  engine  centreline.  Ibis  in  turn  allows  I'o  r  an  cas\ 
attachment  of  accessori<*s  on  tin*  rear  of  the*  gearbox  and  ab<i\e  the  etu'i’ie  slieri'  the'' 
are  a-.cessible  fur  servicing.  If  a  prt>pellei  brake  i.  leeded  this  can  easilv  be  atta¬ 
ched  to  one  i)|  the  laysliafts,  witli  a  minimum  rearrangement  '>i  shall  inc  and  hearings  in 
tile  gearbox. 


Ihe  offset  inlet  duct  tliough  unsymmet  ri  ca  1  has  a  goo.l  cro-^-^  '«<ctien  with  a  h(-ttei 
hydraulic  diameter  than  a  narrow  annular  duet  around  t  !u'  propellei  spiftfier  which  would 
Imvc  a  t  li  i k  btuindary  layer  and  adversely  allAut  the  fP  «.«'mprossor  pt  rl  o  rmaiuv’ . 


Ihe  offset  iluct  is  inherently  easier  to  design  to  limit  to 
hec.iU'<-  iv'c  and  bird  ingestion  cm  be  easily  exiled  aiul  prexent 
engine  bv  using  inertia!  seiiaration  (sue  lig.li. 


g..  oh_i  I'v  t  >l.ir:iage 
I'  I'om  CM  t  e  I  i  n  g  t  he 


FIG.  I  PWlOO  CROSS-SECTION  (TYPICAI.) 
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[he  IM\  I  I  5  i>ocirl>ox  transmits  I  SOh  HP  with  a  i>ear  ratio  o  i'  15.J:1  (see  1- i  g .  2 }  .  Ihc 
ye.irhox  consists  of  a  two  stage  offset  with  a  douhJo  layshaft  connoct  i  ng  Die  two  stages. 
Ihe  t i rst  stage  helical  pinion  rotates  at  20000  rpm  and  has  a  pitch  line  velocity  of 
loom)  Ihe  donhle  helical  pinion  is  electron  beam  welded  to  minimise  length. 

Iho  second  stage  transmits  pow-er  via  two  layshaft  pinions  to  a  single  bull  gear  that 
restates  at  1.^00  rpm.  lo  save  weight  the  bull  gear  wt  b  has  many  lighti-ning  holi'S  and 
tl\o  rim  is  carefully  tapered  to  provide  an  optimum  load  d  i  st  r  i  I’lit  i  on  across  the  widtli 
ol  the  gear  tootlt.  In  the  higher  powered  l*W120  engine  the  second  stage  gear  teeth  are 
designed  with  high  contact  ratio  teeth.  This  reduces  tooth  l-'ading,  hearing  loads  and 
gea  r  no i so . 


FIG.  2  PW115  GEARBOX  ARRANGEMENT 

In  t  ransmt  f  f  j  iig  power  fr>m  tlu'  )>u|l  gear  to  fix'  pn>pe))er  shaft  a  flexil’lc'  cuuj>ling 
is  us(’d  to  isolate  propeller  shaft  deflection  from  the  final  gear  stage.  This  is  hi’Caus 
lii  g!i  aerodynamic  propeller  tnometiTs  and  gyroscopic  moments  cause'  significant  '^haft  flexur 
!  he  profU’JJer  shal't  is  lapereii  caia'l'ully  to  match  torijue  and  heiKlitig  loads  foi  minimu!:i 
weiglit.  (he  pri>peller  ‘ilta  ft  and  flange  configuration  is  carefully  si.X'd  to  limit  frett¬ 
ing  dainag('  at  the  front  hearing  aiei  l>etween  tiie  propt'ller  huh  and  shuit  tlange  faces. 

An  t  i  t  r  i  e  t  i  on  l>earings  are  used  thnxighi'ut  and  lu'arings  ate  si~ed  to  ensure  an  over¬ 
all  Set  1  i  1  (■  of  greater  than  Auou  hours. 

ihe  tofipie  sliaft  ••ontieeting  t  h<'  tijrhi>  machinery  to  the  gearbox  lias  high  beiitiing 
flexibilitv  To  absorb  misalignment  bi'twei'ii  the  engine'  atul  ge'arho.v.  M  i  n  co  rpv' ra  t  e  s 
vliapliragms  at  each  end  itul  a  torque  itu-ter  to  ttu'.asuie'  power  transmitted.  Die  potver  split 
is  assured  in  t  lu'  two  lavshafls  bv  v'aj'elTil  as>emb|v  prot.-edures  that  ensure'  the  maximum 
fotaiue  tiansinitted  through  niie  s  i  vie  is  im  mor*'  than  a2.r»'j  of  total  toripu'. 

i;i,AUH‘_iN_]^|-jr,|l|^  ^Ni) 

(he  gearl'o  arraiigcmi'nt  was  chosen  aft(*r  studies  that  comtnir.'vl  first  cost,  relia- 
[' i  1  It  V  ,  efficienev  and  inaintence  cost.  An  extensive'  sfinle  i.i  f  an  adeaticc'vl  furb(>  f'tMp 
1’,  irhox  vlesign  carrieil  out  at  1M\\  (ref. 21  also  showc'vl  that  the  vioui'le  hn'shaft  split 
torque  arrangement  gave  the  higlvst  reliahilitv  and.  lowest  ma  i  n  t  on.inee .  Ibis  tiesiqn 
liowevc’r  vioes  not  neC('ssarily  givi*  the  lightest  wi'ight  configuration.  lherer(.)re  great 
iftontion  is  paid  to  minlmi;-e  weight. 

I'rovious  siiecess  fii  I  t  urhoprope  I  I  er  engiiu's  produeed  bv  ('W(‘  liad  used  a  two  stage, 
■oline,  [ilaiiefarv  gearbox.  Ihese  had  provi-d  t.i  have  extremelv  low  weiglit.  Ihe  clmiee 
'I  the  (tf[s(vj  douf'le  lavshaft  a  r  rangeitieii  t  w  i  t  li  11  bearings  atnl  (>  gears  prescntevl  a  mainr 
‘-hallenge  in  weight  reduetion  whilst  maximi.-ing  power  and  maintaining  high  re  I  i  ah  i  [  i  ’  v  . 

' 'p  (  i  m  i  '  a  f  j 'll  studies  for  minimum  ge.ir  blank  weights  are  ciirievl  out  at  !‘WC  in  accor 
1  an-.-  ^ifli  m-fhods  outlined  hy  R../.  (V  i  I  I  i  s  (ref. A).  A  method  is  tM-oseiited  here  of  vom- 
piiirg  rlw  I  o  rqtif /iM- i  ght  cha  rac  t  e  r  i  s  f  I  cs  of  all  recent  IMVC  gearboxes  based  on  an  earlv 
V'  IS  I  Ml  ol  the  l’l(»  engine.  ('ompa  ra  t  i  ve  data  is  showi.  on  laiile  1. 
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[AHM.  1  :  TOR<}II|  I’ARAMI.UiRS 

Coarhox  power  to  weight  e  f  feet  i  voncss  is  host  moasureJ  In'  con  t  ra  s  t  i  ai»  torqno  fraii-^- 
mittoU  to  weight  with  some  allouance  Tor  the  Kcar  ratio  which  in  itsiir  c.in  he  censitlen-A 
to  cause  an  increase  in  weight.  In  the  last  two  columns  of  fahle  1  two  pa  r.imet  e  rs  arc 
shown  that  relate  "Power  to  weight"  c ffec t i venes s .  rhey  arc  a  1 o rque /we i gh t  index  and 
loiquc  times  gear  ratio/woight  index.  Ihe  latter  is  considered  the  more  significant. 

[he  results  are  shown  graphicallc  in  l-ig.  .  If  cati  he  seen  tliat  two  sfightlc  diff¬ 
erent  impressions  ean  he  drawn.  As  tin-  I'l'f-  series  was  devei'’pi.‘d  frotn  Ssf  i')’  ta  IJ'o'  111' 
tliere  was  an  index  increase  from  l.P>  for  the  to  J .  s  1  for  the  Anf,  a  ir  increase. 

If  the  g<.'ar  ratio  is  also  considered  tlie  new  itulex  is  ^.Al,  a  fn ;  iiserease  in  load  or 
torque  carrying  capacity  per  Ih. 

Ihe  Afn  gearboxes  seeminglv  [>oor  rating  vati  he  e\[>lairied  hy  notiiig  fh:iJ  The  engine 
arrangement  is  significantly  different  than  the  Pin.  It  is  .i  two  m*iunt  plane  engine, 
similar  to  the  later  PWlih*  series  and  a<  such  t  lie  ftsuif  mounts  are  integrated  inte  the 
gearbox  easing.  (I  also  has  some  aee»'ssories  mounftwl  on  tlie  gi.-arhox  requiring  stiffen- 
ing  and  additional  pads.  U'heit  t  lu'  miieli  Iiigher  gear  ratio  for  gearbox  is  included 

i  t  index  is  then  more  comparal>Ie  to  the  xt  fv  et  ficieiit  A(>r*, 

I  iu'  PlVlnn  series  engine^  are  ;i  I -^o  tabulated  in  fig.  A.  Those  arc'  all  i  ndeptuiden  t  1 
designed  gearboxes  though  t  Iu-  PU 1  .'n  could  )'c  considerotl  a  growth  version  of  tlu'  'MVll.A, 
Wliaf  is  sigMific.aiil  liere  is  that  the  starling  point  for  tlie  IMV 1  1  A  is  not  dissimilar  to 
the  earlv  i'lt*  \J'.  I  li  i  s  seems  t  <■>  lu-gate  the  idea  th.at  enicvclics  are  inhcrontlv  ligliter 
than  si>lit  [lath.  it  is  t'xpected  that  during  dexelopinent  the  PKIOd  scries  will  i'olloix  a 
similar  improvement  in  torqui-  weight  effieieiiev  to  that  of  the  l’T<»  scries  engines. 


R^TofQue.-wt  lode* 
C3  Torque  gr'wt  mde* 


Engine  model  names 


FIG.  3  TOROUE/WEIGHT  PARAMETERS 
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FIG.  4  RGB  COMPONENTS  WEIGHT  BREAKDOWN 


[o  ensure  that  c'lTort  in  optimir.ing  weight  is  applieii  to  the  most  weight  sensitive 
component';  a  study  was  maile  of  the  individual  component  contributions.  fig.  1  shows  these 
in  graphical  form.  It  ';hows  the  approximate  contributions  of  each  component  group,  gears, 
carriers,  hearings,  easing,  .accessory  drives  prop  shaft  and  miscellaneous  items. 


If  was  feiind  that  the  change  from  lightweight  iouriial  br'arings  wh  i  e!i  comprise  onlv  in'] 
ot  the  wa’iglit  of  the  I'ffr  ge.irbox  increased  to  JO'!,  for  the  PKIHO  which  uses  rolling  element 
Ireat'ing'^.  ihis  is  the  Penaltv  nai.l  bigb*’*'  .Iu  r«l' i  1  i  ^  y  \iu.i[h*.i  rinding 

wi'  r  iu'  i  nc  ri-.asi*,)  percent.'ige  in  casing  weight  in  the  PlVlnO  which  is  iiartly  diic'  to  mounts  :i< 
I'xplained  isirlirT.  Ihese  are  two  areas  where  greater  effort  will  be  maUe  to  limit  weight 

i  iiv'  roa  se  . 


Viiorfur  imporr.nir  feature  of  a  dynamic  analysis  is  that  various  ,i;earho\  parameters 
That  all'  not  too  well  understood  can  he  examined  and  their  influence  on  I'.ear  stri'sst'^ 
assessed.  If  a  particular  parameter  has  only  little  effect  on  'he  calculated  maximum 
stresses  then  knowledge  of  its  nature  or  magnituile  is  unnecessary  atui  tliere  is  little 
need  to  Jo  any  testing  or  further  analytical  work  to  vli-termiiie  its  effect.  A  casi'  in 
point  is  shown  in  lig.  T.  The  choice  ot'  damping  ratio  is  significajit  in  t  lu  Ph  1  1 
init  not  in  the  IMVldti.  This  is  not  surprising  hecause  the  effective  mass  o  I’  the  PlVlJn 
components  is  much  greater  compared  to  the  critical  mass,  than  is  the  PWllT-.  It  is 
theretore  furtlier  removed  from  resonance  conditions. 

Another  very  useful  feature  of  a  dynamic  analvsis  is  the  late  of  change  of  filUt 
stress  with  spacing  error.  It  is  shown  to  he  ver\’  dependent  on  tlu’  i.  !ia  rac  t  e  r  i  s  i  ics  o  t' 
the  jiarticiilar  stage.  Txamination  of  the  fig.  8  shows  that  the  sicond  stage  gear  mesh 
of  the  PWilFi  gearbo.x  is  much  more  sensitive  to  spacing  error  than  Ihis  js  m 

unusual  finding  hecause  the  secoiul  st;»g<'  of  rh<-  PU'i'u  uses  liigh.  contact  rat;''  teeth,  •..d.ieh 
are  generally  expected  to  he  more  sensitive  due  to  tlie  increased  mimher  of  teetli  in  con¬ 
tact.  In  tliis  cas('  it  is  thought  that  the  high  moment  of  inertia  o'*  t  iu-  lanter  prop'cllf'r 
List'd  in  Tf\c  PWldf)  is  offsetting  the  higher  sensitivity  of  tlu-  footli  contact  gvomotrx-. 
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EPFECT  OK  DAMPING  KATIO 
ON  FILLRT  STRBS.S 
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EKKECT  OK  SPAn'ING  ERROR 
ON  KILLKT  STRESS 


Studies  such  as  these  comlMne»l  witn  actu.al  test  d.ata  O't  ge.irhoxes  allow  a  miicl 


unde rs  t  and  i  ng  of  t  he  Jvnain  i  c  cha r.-u- 1  e  r  i  s  t  i  cs 


i,|u  i  ck  !  y  d  I  agnose  the 


gears  aiul  enahles  the  vle-^igiu-r  t* 


i  n  di  ve lopment  gearhoxes . 


Idle  use  ol  high  contact  ratio  teeth  has  lu-eti  mentioned  in  tin.'  preceding  par.igraphs 
and  earlier  papers  from  Hit'  representatives  liave  reviewed  the  aviv.in  t  a  ges  of  tliose  teeth 
in  some  detail  lRef.l,.'i).  Altliough  file  main  .advantage  is  that  two  to  three  tci'th  are 
alwavs  in  contact,  their  use  does  impose  some  penalties.  One  mentioned  earlirr  is  their 
greater  sensitii'ity  to  tootli  errors  tlian  low  contact  ratio  teetli.  Vnotlier  disadvantage 
is  the  higher  sliding  velov^ty  resulting  from  their  extended  addendum,  which  results  in 
an  incri'.aseii  scoring  prohah i  1  i  f y . 

Ixtensive  analysis  using  finite  element  techniques  hacked  up  with  pliotoe 1 ast i c 
testing  was  carried  out  to  assess  very  accurately  the  .‘ctual  load  siiaring  in  liTH  teeth 
and  the  effect  of  rim  thickness  on  the  final  fillet  stresses. 

[•  I  g .  d  show's  a  group  of  high  contact  ratio  fi-i'th  being  ti-stovl  in  a  photoelastic  rig. 
It  clearly  shows  the  position  where  three  teeth  are  in  contact.  Pig.  1''  shows  how  the 
tooth  loading  takes  place  us  the  gear  rolls  in  and  out  of  contact ,  On  the  left  side  of 
the  figure  the  various  zones  along  the  tooth  flank  where  A  teeth  and  :  teeth  are  in 
contact  during  the  meshing  cycle  are  shoivn. 


'  '  Node  7  \ 

Fillet  X 


Single  tooth 
/  loading  zones 


FIG.  9  HCH  TOOTH  PHOTOELASTIC  TEST 


FIG.  10  LOADING  PATTERN  IN 
H.C.R.  TEETH 
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Maximum  fillet 
stress  (KSl) 


FIG.  11  FILLET  STRESS  AT  'X* 
DURING  LOAD  CYCLE 


FIG.  12  TRANSMITTED  LOAD  ALONG 
LINE  OF  ACTION 


log.  11  shou-s  how  the  fillet  stress  on  a  particular  tooth  chjrjgcs  Juring  the  )ojJ 
cycle.  The  fillet  stress  builds  up  at  the  fillet  as  the  tip  of  the  I’.ear  is  in  oiitaci 
then  flattens  as  the  tooth  mesh  goes  through  the  two  teeth  contact  phase.  It  .nen  ri'^es 
again  as  the  tooth  rolls  through  the  pitch  where  three  teeth  are  in  contact.  At  this 
point  it  hears  the  largest  percentage  of  load»  and  the  adjacent  teeth  are  loaded  it  their 
tip  and  root  respectively. 

The  use  of  ilCR  gear  results  in  a  high  cyclic  change  in  torque  as  the  load  is  passed 
between  2  teeth  in  contact  to  3  teeth  and  back  again  before  disconnecting.  A  notch  occurs 
in  the  load  versus  contact  ratio  curve.  This  is  shown  in  I'ig.  12  which  compares  computer 
results  with  that  of  a  photoelastic  test. 

The  use  of  HLR  teeth  can  give  a  tooth  width  reduction  of  as  much  as  2i):.  over  i.i'R  teeth 
and  results  in  a  substantial  saving  of  weight. 

7  (;F;AR  COMPONl'-NT  OPTIMIZATION 

Previously  mention  was  made  of  the  need  to  carrv  out  very  extensive  stress  calcula¬ 
tions  on  gear  components  to  determine  where  the  highest  stresses  are  in  tooth,  rim,  webs 
and  shaft  and  to  properly  evaluate  the  range  of  stresses.  Where  low  stresses  are  found 
material  can  he  removed  and  weight  savings  effected. 

hiiiite  element  methods  are  used  extensively  to  ensure  that  there  is; 

(a)  An  understanding  of  the  tooth  load  distribution  across  The  too’h  face  width.  I'hi^ 
is  a  function  of  rim  geometry  and  web  stiffening.  It  is  also  a  function  of  the  misalign¬ 
ment  between  the  parts.  fb)  The  maximum  cyclic  stresses  are  calculated  for  wel's  that 
have  been  optimized  for  weight.  The  weh  is  sized  for  I.(!!'  and  I{C1^ 

rig.  1.3  .shows  the  IT:  methodology  that  is  used  to  properly  evaluate  the  tooth  load 
distribution  across  a  face.  Initially  a  oDIT-  analysis  is  used  :o  determine  the  stiff¬ 
nesses  of  the  teeth  in  slices  across  .he  face.  These  stiffnesses  are  then  fe  I  into  a 
2D  Mi  analysis  that  uses  a  node  tracking  system  to  prevent  tooth  contours  crossing  each 
other.  As  two  nodes  record  tensile  forces  they  are  released  and  the  calculation  repcati'd 
until  an  -  verall  force  balance  is  achieved. 


1  Equivalent  stitfness  in  a  finite  number  planes  normal  to  the  tMth 

2  2D  contact  analysis  program  is  used  to  cfelermme  the  contact  boundary 
conditions  between  the  nodes 


Load  intensity 
lb /in 


FIG.  13  FINITE  ELEMENT  METHOD 
FOR  LOAD  DISTRIBUTION 


FIG.  14  LOAD  DISTRIBUTION 
ACROSS  FACE 


I  i  ,  14  shows  the  results  of  a  tvpieal  11'  analvsis  usitiii  this  teehninuc'  for  the  lull 
.i;eat',  I'o  i'  aliijtieJ  teeth,  aiul  teetli  with  various  amounts  of  mi  sa  1  i  t’lment  The  ■^liape  of 
contact  follows  a  siiijht  “l\‘"  shape  v%hlcli  inilii’ates  the  normal  peakini?  of  stress  towariis 
the  centre  of  the  t’car  due  to  weh  stiffness,  as  well  as  pcakinj'  of  stress  towards  the 
ends  due  to  edtje  effect. 

ijuhsequent  strain  Ruu^c  testing  will  he  conducted  to  calibrate  whether  this  effect 
is  ’’real"  or  an  unomaly  of  the  1-li  program. 

(HItcr  hi:  computer  programs  are  being  used  at  which  utilise  a  similar  methoil  of 

node  tracking  on  helical  gear  meshes  and  figure  15  shows  results  which  indicate  how  a 
helical  gear  is  loaded  at  an  instant  in  time.  Subsequent  work  will  develop  the  metlioJ 
Co  predict  honding  stress  fluctuations  as  the  helical  gears  roll  into  a:ul  out  of  mesh. 


FIG.  15  HELICAL  TOOTH  LOAD 
DISTRIBUTION 


FIG.  16  FINITE  ELEMENT  MODEL 
FOR  BULL  GEAR 


Other  features  of  the  gear  comi>oncnts  must  ho  opfimicod  for  minimum  weight  and 
durability.  iig.  lb  shows  a  l-L  grid  used  to  optimize  the  webs  in  the  bull  gear.  The 
two  idler  gear  loails  are  applied  as  shown  in  fig.  17  with  a  generated  torcjuc  reactovl 
at  the  )ujh.  The  tooth  loatling  is  distributed  across  the  tooth  according  to  the  maximum 
calculated  mi sa 1 i gnment  as  i nd i ca t ed  prev i ous 1 y . 

Speciiically  four  l-L  elements  are  found  to  experience  the  maximum  cyclic  stresse.s. 
They  are  at  points  A,  for  nodes  S,  n,  I  .s ,  and  lb.  The  stresses  are  showni  in  l-ig.  1ft. 


FIG.  17  BULL  GEAR  WEB  OPTIMIZATION 


FIG.  18  STRESSES  AT  CRITICAL  ELEMENTS 


f.xamination  of  the  table  in  l-ig.  18  indicates  that  two  fatigue  cn  1  cu  1  vi  t  i  ons  are 
carried  out  to  account  for  both  a  low  cycle  fatigue  and  a  high  cvcle  fatigue  condition 
at  these  critical  locations.  Iig.  l‘d  indicates  the  stress  cvcle  at  tlie  locations,  as 
the  bull  gear  roils  into  and  out  of  mntnet  w'ith  the  jrller  oo-i?-.  \  i  :nurri  sli'css  of 

!  K..;  i  .>  I  vp«.  r  n-iiceu  bv  t.n  ,  and  41  ksi  by  1:5  when  it  is  c  i  rcum  fe  ren  t  i  a  1  1  v  in  segment  4. 
Here  it  is  at  the  bottom  of  the  bull  gear  rotation  fseo  ' i g . 1 " )  and  transferring  high 
tangential  loads  from  the  teeth  into  the  webs  and  into  the  huh. 


I  iu'  inaxima  I'o  r  flu'  otluM'  two  l.ir>  :inil  I  !<•  otc'  {-xpo  r  i  oiu  t- J  wIumi  tluv  iro  in 

socmen  r  s  ,  S  niui  2  rospec  t  i  v'o  1  y  .  Obviously  the  stress  v’yele  is  eoiup  I  i  c  ;i  t  cd  :in<l  t  hf  noir- 

plctc  stress  range  is  shown  in  lig.  I ‘d .  Heeause  any  particular  fUinei.t  (e.g.  f.(>)  alwavs 
oxpcrioiKOs  a  significant  steady  stress  component,  as  indicated  In*  the  variation  in 
tcnsiU'  stress  (  1‘rom  ksi  to  a  la  ksil  during  every  revolution,  some*  means  f  ass-s-.inr 

tiu-  corn!' i  nat  i  on  «)f  t  lii  s  low  cycle  fatigue  witii  the  tooth  meshing  liigli  cvcle  fatigue 

strt'ss  must  he  considered. 


Stress  (KSh 


FIG.  19  STRESS  CYCLE  DURING  BULL 
GEAR  ROTATION 


FIG.  20  EQUIVALENT  HCF  'STEADY 
STRESS'  VALUES 


FIG.  21  BULL  GEAR  STRESSES  -  FIG.  22  BULL  GEAR  COUPLING 

HCF  GOODMAN  DIAGRAM 


Ihis  e<(uiva/eftf  steady  stress  used  In  combrnation  with  a  high  cycle  stress  is  found 
In'  transposing  the  Id'l  cycle  stress  in  Tig.  -0  to  the  X  axis  (i.e.  Ui  ksi).  It  is  then 
sul’-^ei|uent  1  y  used  in  lig.  21.  This  is  essentially  to  take  into  account  the  extra  damage 
that  results  wh  flCf  is  eombined  with  l.CI'.  Although  this  is  an  approximate  metliod  and 
is  debated  hy  m.iav  stress  analysts,  It  does  have  a  reasonable  rationale  behind  it,  in 
that  it  converts  a  n-maximum  fluctuating  stress  into  an  oquivalcat  steadv  stress  for 
further  use  in  the  IlC)  boodman  Diagram.' 

Tile  results  arc  summari’ed  in  the  table  shovN-n  in  lig,  18  and  plotted  in  Tig.  21. 

S  CniJl’l.lNC  ANlt  SlIAI'l  iH-blCN 

Other  major  items  that  require  careful  tlesign  in  a  gearbox  are  such  items  as  cou]>" 
lings  and  flange  design.  fig.  ~2  shi?ws  one  of  the  arrangements  considered  in  The  second 
stage  bull  gear  design  fh.at  aMows  the  propeller  shaft  which  carries  large  IP  moment 
from  the  propeller,  to  flex  under  these  loads  without  affecting  the  luill  gear. 

The  arrangement  of  a  fixed  spline  on  the  propeller  shaft  which  in  turn  carries 
the  output  torque  through  a  floating  flexible  shaft,  though  complex  and  adding  weight 
to  the  gearhox,  nevertheless  has  the  merit  of  allowing  maximum  flexibilit\’  between  the 

i'll  1  i  gi’d  I  a  iiu  sit.i  f  i  . 

This  arrangement  generates  some  additional  moments  duo  to  misalignment  between 
propeller  shaft  spline  and  the  bull  gear  spline.  The  misal'gnment  is  made  up  of  three 
components  a)  hearing  infernal  clearance,  b)  thermal  difference  and  c)  basic  machining 
misalignment.  Pa  I  cu 1  at i ons  show  the  comhincd  effect  could  be  as  high  as  .nus  radians. 


\  ^  i  :n{)  I  i  I' i  (.•  J  xp  1  T  i  on  of  Ilf  v’.'ip.ic  i  t  v  “f  :i  ij.c;ir  coupling,  t !‘:i  T  t.  inoKun’-' 
f  >!i(>un  in  I  i  ^ .  I'rom  fhi-^  it  v'-tn  I'o  Ihnt  t)n-  tjltfi!  spline  uhfh  is  loak! 

on  ^.>pposit^•  o  (‘  its  il  i  nmot  o  r  ns  it  transmits  t  tu*  toiapK-  oaii  oi’eato  two  moneiits. 

Ilio  I'ii'st  is  the  tilting  moment  Ml'  which  is  prop**!  t  i  ona  I  to  1  x  I'  wIumi-  !  is  r  tu-  lo.al- 
isotl  lorcc  towards  tlio  ends  o  1’  tlie  teeth  and  h  is  the  el’fectire  vlistaiiL'C  hetwi’cn  t  luirt . 
this  moment  is  n  function  of  the  torque  traiismitted  and  the  lengtn  of  t  tu-  teeth. 


a  =  Angle  ot  mtsalignment 


Mr  tilting 
nK)aient 
Ibyin 


FIG.  23  flexible  COUPLING  MOMENTS 


FIG.  24  COUPLING  MOMENT  VERSUS 
MISALIGNMENT  ANGLE 
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FIG.  25  COUPLING  FRICTION  -  CALISTRAT  DATA 


I'omhined  with  this  tilting  moment  is  another  which  is  defined  as  the  friction 
moment,  and  this  is  proportional  to  friction  force  and  the  pitch  circle  diameter  of 
th.'  c(MipIing. 

[hese  two  moments  are  now  coml>incd  and  create  a  composite  moment  whiclt  in  turn  is 
resisted  hy  the  adjacent  hearings.  This  increased  loading  on  the  hearings  can  cause 
a  significant  reduction  in  their  h  10  lives. 

Kelcrring  to  the  two  moments  and  the  simplified  expressions  used  to  show  their 
effect  it  should  he  noted  that  the  angle  of  misalignment  is  the  significant  parameter 
in  determining  the  tilting  moment,  sec  I'ig.  -1.  It  can  he  reduced  hv  minimir.ing  mis¬ 
alignment  or  hy  reducing  the  effectivv-  length  hetwoen  contacting  jioints  along  the  u-eth 
identified  here  as  "h". 


In  the  case  of  the  frKtion  moment  oiilv  two  jrarameters  ari'  significant,  the  Iriction 
coefficient  and  the  pitch  circle  diameter.  .-Vs  the  Pid)  is  fi.xed  for  a  given  g  omet  ry  tlu' 
only  controlling  variable  is  the  friction  coefficient,  Ueftrence  to  literature  on  this 
suhject  indicates  that  the  coefficient  of  friction  can  vary  netween  .11.3  to  .,33. 


Work  hy  Calistrat  fref.  ")  has  shoivn  that  the  friction  coeflicient  can  varv  with 
oil  viscosity  ffig.  d.a)  and  is  inverselv  proportional  to  vfcosity.  .At  131)  centistokes 
viscfisity  ;i  coefficient  of  friction  of  .IS  seems  rcasonahlc.  He  has  also  shown  that 
for  the  particular  coui)Iings  that  he  stiulied  the  coefficient  of  Iriction  varieil  with 

of  misalignment  with  the  «•«».•  rf  j ♦  •' .  >  j  g  v.  ;  .  i t  v  *  a  s  t  i  tig 

A  constant  low  coefficient  is  maintainevl  i  n  i  t  i  a  1  1  \'  with  iiureas- 
rapidly  increases  to  its  maximum  at  a  specific  ’’threshold  torque" 
constant  .aga  I  n  . 


both  torque  and  angle 
.!,.i ;  ..V  i  ^  i  .  .s  i  1 1.  I  urve  . 
Ing  torque  w'hich  then 
where  it  then  becomes 


•^T  1 

■^p  !  i  ru's 


son  IfMlIO 


1  \KI.I.  :  i;i  l-l.CI  ()N  iU-.AUINC  I  I  Vl.S 

Is'.'}''  to  ol'v  i  a  t  o  t  Ir*  vI’rcR'T  o  i'  h  i  ii;i»  in  i  s  » !  i  itMituoi !  hj.-uls  is  to  orown  t  !u'  sttliiios 
i  Iti  s  has  the  tlTiRf  of  iH-ifucinn  the  o /'fVe  r  i "h".  ('fownlni'  in  this  t-aso  ri'- 
.v'vo's  t  lu‘  major  1  i  fo  loss  aiul  rostort>s  1  )r-  hoarinrs  liws  !■’  miu-h  more  roa  sona'' 1  o 
\aliios  i>r  (‘',100  lu)nrs  aiul  _’_',J0n  lioiirs  res  |hr' t  i  va.- 1  y . 


\  lurther  impaet  ol'  the  misalignment  moment  is  to  ineroaso  the  stress  U-va.- 1  in 
the  splint'  teeth  themselves  aiul  litis  is  shown  in  I  i  ii .  -t'.  Here  it  ean  ht‘  -^een  tliat 
iHiJer  a  .fxh'  ra»lians  misalignment  tht'  tootli  loaJ  I'ur  straight  splines  is  .iJi  Itis.  t^nt 
this  ean  I'e  reJiieeJ  <  i  gn  i  f  I  e.in  t  1  y  f()  -'MO  Jhs.  tor  crowneJ  splines. 

In  gearh.).\  design  it  is  important  to  use  gear  eouplings  to  give  flexihilitv  to 
the  shafting  sysfem  hot  aeeount  must  he  taken  ot'  the  inereaseJ  KokIs  on  tlu*  teeth  aiul 
hea  r  i  ngs  from  pt'ss  j  h  I  o  mi  sa  I  i  gnnient  . 
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FIG.  26  COUPLING  LOADS 


FIG.  27  FRETTING  FATIGUE  PARAMETERS 
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loirits,  snap*^ ,  si>igots  and  flanges  prcsetit  a  maior  ehallenge  to  the  Jt'sigmr  in 
nreventinvi  fr'ttin’  damig'*  and  ti-.-ttinr  fariiTtio.  h.a\(-  ^  ,i 

;ind  sired  to  prevent  joint  loosening  and  holt  r^r  flange  failure. 

Many  joints  are  found  in  a  gearbox  and  any  one  could  he  sited  for  detailed  examin¬ 
ation.  The  following  example  is  chosen  because  it  can  he  used  to  illustrati*  the  complex 
factors  that  are  interrelated  in  dealing  with  fretting  fatigiu'. 


Irrttin^  IjTi^iu-  ha^  [itu-ii  shown  to  he  I’clateJ  to  mans*  pa  r.ork- ?  t- ts  ,  Hirt-  i-.t-  (au.'j^cr- 
ata.-  tfie  most  sionilioant.  Ihev  arc  the  load  tliroui^ls  rliL-  part  isarfajr 

elampin^  force,  amount  of  slip  hetween  surfaces,  numlier  of  cci'Ies,  rre<piencv,  material 
J  i  t  1  e  rt.!K' es  ,  atmospheric  Cvnulitions  and  temperature  (see  (it;.  J"), 

l.xanilninj;  fretTitij’  l'atij>ue  as  a  j>urelv  stress  related  pluuioneiiun  atul  ituiorint;  tlu; 
f  r^‘qlU‘nc>■ ,  atomosplieri  c  and  temperature  effects,  the  thre^e  major  i  n  f  1  ueni.‘e  s  ,  surface 
str‘'ss,  localised  clainpinj;  force  and  relative  slip  can  be  modelled  iisirte  >\)  linite 
I  I<u;!ents  for  the  I'lani^e  under  cons  j  tie  ra  t  i  on  . 

Research  carried  out  bv  numerous  researcliers  has  shown  th.it  allowable  fatie.ue 
stresses  in  high  strength  steels  uith  ulti.mate  tensile  stririgfhs  as  high  as  1S('  ksi, 
can  be  as  low  as  1<>  ksi  where  fretting  damage  is  excessiv-e.  Re*'-  R,  ,  I". 

Tests  conducted  at  JH\(’  on  representative  propeller  shaft  flanges  )ia\'e  shown  that 
fretting  fatigue  can  indeed  he  experienced  in  high  strength  steels  fA'^lSi'llTi  Rc  ini 
w  i  t  !i  surface  stress  levels  extremely  low  (1(1  ksil,  wlu're  the  localised  clamping  fi^rct's 
are  as  high  as  dO  ksi  and  the  localised  sliji  is  in  excess  of  .uhu-’  in. 

fig.  _'8  shows  a  31)  model  of  the  I’WIDO  propeller  hub/flange  connection.  Ihe  loaiing 
imposed  on  the  interconnection  is  that  caused  by  propeller  aeroilynamic  (TIM  moments. 
Ihese  cause  a  steady  moment  to  be  applied  to  the  connection  in  flight  due  to  the  oro- 
pellcr  centerline  having  a  slight  angle  of  attack  to  the  incoming  airflow.  lor  a 
(lositivc  angle  of  attack  this  causes  increased  thrust  on  the  starboard  sidi-  of  t  iu* 
propeller  plane,  and  conversely  reduced  on  the  port  side. 

In  effect  the  flange  Joint  experiences  a  rotating  moment  that  for  tlie  ’’'sl-4  is 
estimated  at  take  off  powers  to  be  as  high  as  >l),(uiu  11^.  in. 


M  =  50,000  lb.  in, 


ISO  stress 
lines  KSi 


FIG.  28  HUB/FLANGE  F.E.  MODEL 


FIG.  29  FLANGE  SEGMENT  -  SURFACE 
STRESSES 


M  =  50,000  lb.  in. 


M  =  50,000  lb.  in. 
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FLANGE  SEGMENT  -  CYCLIC  SLIP 


1  i  gs  .  30  and  .31  show  the  maximum  cvclic  surfaci'  t  rc'-^'-ic  s  ,  ma.ximum  contact 

';trc^‘.;e<  .and  lyclic  slips  at  .a  tvpical  segment  of  the  flange.  Ihe  rauie  around  the  bolt 
le'le  i  '^liown  highlight'-  ’  .and  c.an  he  -^eeri  .-i*'-  .an  untl  i  s  f  urbcil  siirr.ue  in  actual  tests. 

Ih'-'  mai’lnning  marks  are  v.  j  ]  j  visible  after  cyclic  lo.ading  of  greater  tli.in  30  x  10 
cv'cle-^.  !'!u'  V  VC  1  i  <■  I  i  p  1.  contours  (I'ig,  3]l  iiulicatcs  rel.'itive  s  ]  i  be  less  tli.an 

.OdiM  II-,.  confirming  the  t(  t  re'^^iilts  tfiat  under  the  lio  1 1  the  relative  s  I  i  [>  is  lirtual- 


f^-\2 


i 


Art-as  v^iu're  actual  fretting  fatigue  cracks  have  been  generateJ  are  coincident  with 
the  highest  surface  cyclic  stress  fid  ksi,  fig.  dO),  maximum  contact  stress  f dl  ksi, 
lig.  '^1')  and  greatC't  relative  slip  f.O(b)'’  in,  fig.  311.  fhese  eotJcs  arc  all  inboard 
ol  tltc  hole,  and  in  a  cone  t)  f  extensive  Fretting  damage. 

i  rom  many  tests  oji  actual  propeller  shafts  and  hubs  a  composite  diag  am  has  been 
i.‘o;is  t  ructeJ  uhich  gives  a  possible  appri>ach  to  a  set  of  fretting  fati.gue  allowalile 
curves.  (see  fig.  321.  However  it  must  be  remembered  that  these  curves  are  nor  actual 
boundary  curves  drawn  from  docens  of  statistically  tabulated  fatigue  cracks,  Thev  arc 
crcjck  cone  hotntJary  lines  Jraivn  from  If  iso-stress  contours.  Thev  are  on  1  v  sliown  to 
lesciibe  the  itueraction  of  the  throe  maior  cnmpt)nenTs  of  fretting  fatigue  for  these 
ptrticular  mat-.-rials  and  this  particular  component  c<'n  f  i  gurat  t  on  . 


FIG.  32  FRETTING  FATIGUE  BOUNDARY  LINES 


1  he  tiauikl,  established  by  otlu-r  autln)rs  is  sh-nvii,  in  tfiat  a{(c»wa!'ie  '.a'i-|ie  str<'ss 
I'C'.liice^  d  I’ama  t  i  c  a  1  1  y  with  increasing  slip.  It  also  sh'Ui.<  thit  increasing  contact  stress 
aNn  reduces  riu*  fatigue  allowable  stia-ss.  (he  v'omb  i  n.i  t  i  on  ot'  ’''>th  iiureasing  contact 
'tress  ai!,i  slip  is  dramatic  in  reducing  the  allouaf'Ie  stress. 

\  third  ver'v  important  fiinling  is  thi.  surface  I  men  i  such  as  shot  peenir.g,  bv 

generating  high  ct^iiipress  i  v»*  residual  stre^st'-,  alleus  vnicfi  hie.het  .iiH'lied  stresses  to 
be  carried  I'v  tlie  c^mpi-ii.-nt  s  .  Su  r  pr  i  s  i  ng  I  ulien  aluminium  is  ?  lie  other  ct^fiTacting  sur- 
lace  te  steel  perhaj>s  lue  to  the  I'uver  movlulus  .if  elast  ^  t  lu'  aluminiun,  the 

Irettif.g  latigue  all-nsa!'le  stress  is  i  [-•.•.isel  diamati  ill-..  liie  novlulus  maf<.‘r- 

lal  ina\-  meati  a  Ijuer  transferred  fricti'Ui  str-C'S  ‘-ctne'-n  t'n--  parts. 

'•lucii  Vsvwf  has  t  c  b'.'  v.lone  te  unJ'.T'tan  1  lie-  .ajrr-.  ct  Ui  Jl  ta>.rv.)rs  to  I  i i  t 

IfeTtiii.g  viamage  at  iointeu  conne’Ct  i  ons  it:  g<.-ai-'n-.!A'.- -■  but  •  !i  i  -  .iita  ^  ‘  give 

sOJ.a'  i.:oo«.i  ijfi  i  .li‘ )  I  nt's  for  tlie  elimiiialion  anl  ..'titroi  t  •.r-*t|'g  tatigue. 

! ' )  th;\rf  (KION 

i  !i  i  pa  [)•■  j  b  a  '  .!  i  s .  .  -  rd  ••one  of  The  1  i  f  f  i  c  u  I  !  .  .  •  ;n  i  •  r  ed  ;  u  ies  1  gn  j  u  5*  light- 

'••‘'iglit  iural'l'.-  gejrb')\e-.  Mu-  i  in.- ’a-a  s  1  n  g  d-.-nan  I  l-'J  'nic.-e.-r  ?  \er-u'-  lightut  igit 

lUvi  fi  i  gh  durabifi(\  iias  sheien  f  fu-  fiecessife  !■-_>  f  -.tti..-  i .j )'  .omii.'Uie.n  J  s  . 

Mils  could  m't  be  a-.'l)  i  e\-i.-d  witlmut  ri-cout'-.‘-  t'  alvauc-.  i  !  i  n  i  t  i.  !  l-,meiit  met];enls  t 
^.'i-recrlv  calculate  ■cofitact  loads  between  compotien  ^  •  i:;i  a  ;r'‘in-:  un  !<•  f- 1  an i  ng  <>  f  t  ■ 
Ina«i  paths  through  individual  compoiuMi  t  s  .  \ls.,<  i-ip-.rtant  i-  rhe  i.e--  I  for  verv  tliofeiigh 

.  ilibration  and  '.ubs  epuen  t  r-siing  o !'  soru'  of  the  .u-iple'  e;-p>ii'ival  m-nlels  reeled  te 
iinlorstand  mechanisns  that  'in  cans..'  ('retting,  imlt  loa.l'  "i  '•etueen,  b:.'aring  rru s 

ml  shatts.  '-li  s.i  ]  i  gtimeni  s  b,t^,.,^,  '.hat'ts,  pa  r  t  i -ui  1  a  r  1  in  ca-ning  mo--,  m tlireuiMi  gear 
'.-'’uji  1  i  tigs  must  t-e  a’.-c-.'-ni  *  .'d  for  in>t  onlv  in  tooth  si-inv  !-ut  1 1  -  o  in  i  -  se-s  i  !•;'  be-  ing 
live-.. 


\(  K\  n\I  t  Ihil  '.I!  \!  s 
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DISCUSSION 


B^.Shotter,  UK 

Do  you  make  a  different  approach  to  the  design  process  in  the  presence  of  fretting  when  using  lubricated  or 
unlubricated  components? 

Author's  Reply 

Yes.  Lubricated  couplings  do  not  experience  fretting.  In  a  test  rig  with  identical  parts  one  dry  and  the  other  wet  under 
the  influence  of  a  moment,  the  heavy  fretting  was  completely  diminished  when  lubricated. 

The  fretting  fatigue  damage  I  was  referring  to  in  my  presentation  was  purely  the  case  of  Ranges  clamped  together  with 
bolts  (under  moment  loading)  with  dry  surfaces.  Fretting  damage  is  likely  depending  on  the  three  parameters 
mentioned  and  if  these  factors  are  high,  then  fretting  fatigue  is  likely. 


D.Berthe,  Fr 

In  the  gear  dynamic  analysis,  is  the  damping  coefficient  calculated  from  squeeze  film,  structure  damping,  or  is  it 
determined  from  experiments? 

Author's  Reply 

The  damping  coefficient  of  0.02  is  structural  damping.  ThKs  .seems  to  be  a  rea.sonablc  number  that  relates  to  experience. 


H.W.FerTis,  US 

Service  difficulties  are  currently  a  problem  on  the  clamping  of  propellers  to  Ranges  and  spiral  bevel  gears  to  gearshafts 
where  the  working  stresses  cause  fretting  on  flanging  surfaces  and  bolls  resulting  in  fatigue  failures  of  bolt  heads  and/or 
flanges.  These  are  corrected  usually  by  increased  clamping  via  more  bolls  or  a  decrease  in  deflection  by  using  thicker 
flanges. 

Arc  these  two  common  failure  modes  related  --  one  wet  and  one  dry? 

Author's  Reply 

1  am  not  familiar  with  the  bevel  gear  problem.  The  propeller  flange  problem  of  fretting  can  be  solved  by  increased 
clamping.  The  A45/A6.^  engine  has  experienced  some  boll  failures  in  the  field.  This  may  be  due  to  inadequate  boll 
clamping.  The  1 P  acrtnlynamic  moments  on  these  engines  as  calculated  and  measured  are  not  sofftcleni  lo  cau.se  boji 
failures.  However,  other  vibration  loading  not  loo  well  understood  could  be  a  problem  and  should  be  investigated. 

Fretting  fatigue  is  not  a  problem  with  A45/A6.‘'  engines  as  the  dcsi^  of  the  flange  is  such  that  very  small  cycle  slip  lakes 
place.  Some  fretting  damage  is  inevitable  on  this  type  of  design  and  is  st>lvcd  by  shimming  or  surface  regrinding  c)r  shot 
pcening  at  overhaul. 
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SUMMARY 

The  purpose  of  the  helicopter  transmission  or  drive  system  is  to  deliver  power 
from  the  engine<s)  to  the  rotors  and  also  to  accessories  such  as  hydraulic  pumps, 
generators,  and  ait  conditioner  compressors.  The  design  of  a  new  helicopter  drive 
system  involves  an  extensive  series  of  tasks  that  may  take  three  or  four  years  from 
predesign  to  qualification.  Even  after  the  new  drive  system  is  qualified,  the 
transmission  designer's  work  is  not  complete.  The  designer  must  keep  himself  aware  of 
how  the  system  is  performing  in  the  field  to  correct  any  service-related  problems  and 
to  further  his  knowledge  for  the  next  design.  The  transmission  design  process  can  be 
divided  into  six  major  tasks:  predesign,  design,  manufacturing  coordination,  bench 
testing,  aircraft  testing,  and  field  service  support.  A  flowchart  summarizing  the 
helicopter  transmission  design  process  is  shown  in  Figure  1. 


PREDBSIGN 

During  the  predesign  phase,  the  general  arrangement  of  the  transmission  system  is 
determined  and  the  parameters  that  affect  the  transmission  system  design  are 
prescribed  in  a  design  specification.  The  interfaces  of  the  transmission  system  with 
all  other  aircraft  systems  must  be  defined.  This  process  is  not  a  simple  one-time 
effort,  but  one  that  is  iterated  several  times  to  determine  the  best  performing,  most 
cost-efficient  configuration. 

The  starting  point  for  any  design  is  the  definition  of  the  mission  profile.  The 
primary  mission  may  be  personnel  or  cargo  transport,  observation,  or  attack. 
Infrequent  transient  torque  applications  may  be  required  for  high  maneuv^'rabi 1 i ty 
during  nap-of-the-earth  or  combat  flight.  Or,  consideration  may  be  required  for 
repeated-heavy-lift  or  ground-ait-ground  operation  for  a  cargo  mission.  Once  the 
mission  is  defined,  the  basic  size  and  weight  of  the  helicopter  can  be  established. 
Then  the  number,  size,  and  type  of  engines  as  well  as  the  number,  size,  and  type  of 
rotors  required  to  meet  the  performance  goals  of  the  mission  can  be  determined.  The 
type  and  number  of  accessories  to  be  driven  by  the  transmission  must  also  be 
determined,  and  consideration  must  be  given  to  the  provision  of  redundant  drive  paths 
for  essential  multiple  accessories  such  as  flight  control  hydraulic  pumps. 

Often  the  transmission  provides  the  mounting  of  the  rotor  to  the  airframe.  A 
transmission  that  combines  power  from  two  engines  may  also  be  used  as  part  of  the 
mounting  system  for  the  engines.  There  are  a  variety  of  mounting  systems  in  use  for 
attaching  transmissions  to  the  airframe.  These  include  rigid,  elastomeric,  nodalized 
beams,  and  mercury  dampers.  The  mounting  system  is  critical  in  minimizing  the 
transfer  of  rotor  vibration  to  the  airframe  and  passengers.  The  type  of  mounting 
system  used  also  determines  to  a  large  degree  the  type  of  drive  shafts  and  couplings 
that  can  be  used.  The  dynamic  characteristics  of  some  rotor  systems  require  not  only 
vertical  oscillatory  displacement,  but  also  pitch  oscillatory  displacement  of  their 
mounting  system.  Thus,  the  couplings  and  drive  shafts  must  be  capable  of 
accommodating  changes  in  both  angle  and  length.  Additionally,  the  mean  length  of  any 
engine-to-transmission  external  drive  shaft  must  be  considered  so  that  coupling 
misalignment  capability  is  not  exceeded.  A  transmission  may  also  interface  with 
controls  for  the  rotor.  Often,  rotor  controls  are  mounted  on  the  transmission 
housings  or  control  tubes  located  inside  the  transmission  output  shafts. 

When  the  interfaces  with  the  engine(s),*  rotors,  accessories,  mounts,  shafting, 
and  controls  are  finalized,  design  criteria  or  a  specification  can  be  prepared  that 
defines  the  requirements  that  the  helicopter  and  the  transmi,.sion  system  must  meet. 

The  speeds  and  directions  of  rotation  of  the  rotors  and  engine  output  shaft  must 
be  defined.  The  total  transmission  ratio  can  then  be  determined  along  with  potential 
gear  arrangements  to  obtain  the  required  direction  of  rotor  rotation  and  to  drive  the 
required  accessories. 

The  engine(s)  power  ratings  must  be  specified.  The  ratings  may  include  takeoff, 
continuous,  contingency,  one  engine  inoperative,  and  transient.  Normally  an  engine  is 
significantly  derated  from  its  maximum  capable  sea-level,  standard-day  operating  power 
to  enhance  an  aircraft's  high-altitude  and  high-temperature  performance.  Transient 
torque  capabilities  for  the  engine(s)  must  be  defined  and  controlled  by  fuel  flow 
restriction,  torque-limiting  devices,  or  the  pilot. 

The  calculated  flight  and  crash  loads  that  the  transmission  mounting  system  and 
transmission  housings  must  withstand  must  be  defined.  The  environmental  operating 


temperatures  must  be  defined  so  that  transmission  oil  coolers  can  be  sized  and  so  that 
lubricating  oils  and  greases  can  be  selected.  Normally  a  military  helicopter  is 
required  to  operate  worldwide  in  temperatures  from  219  K  (-65°F  or  -54^0)  to  325  K 
(125<^  or  520C). 

The  maintainability  requirements  for  the  drive  system  and  helicopter  should  be 
defined.  Typically,  maintainability  requirements  for  the  total  helicopter  are 
approximately  l.>^  man-hour  of  unscheduled  maintenance  and  0.5  man-hour  of  scheduled 
maintenance  per  flight-hour. 

The  reliability  or  component  life  for  the  transmission  system  must  be  defined. 
Additionally,  it  must  be  decided  whether  the  system  is  to  be  maintained  on-conditlon 
or  whether  a  time-between-overhauls  goal  will  be  established.  Current  achievable 
time-between-overhauls  are  typically  from  2500  to  5000  hours.  Since  gears  and 
bearings  are  usually  the  critical  life-limiting  components  in  a  transmission,  the  gear 
and  bearing  life  in  L^q  terms  should  be  defined.  Bearing-life  adjustment  factors 
should  also  be  defined.  Life  adjustment  factors  are  typically  used  for  lubrication, 
material,  material  processing,  misalignment,  and  speed. 

The  survivability  requirements  for  loss-of-lubr leant  operation  and  ballistic 
tolerance  must  be  defined.  Present  designs  must  withstand  a  7.62-mm  HEI  or  12.7-mm 
API  ballistic  hit  and  must  operate  a  minimum  of  30  minutes  at  a  specified  cruise  power 
after  loss  of  lubricant.  These  requirements  place  a  premium  on  the  use  of  tough, 
high-hot-hardness  materials  and  redundant  load  paths. 

There  should  also  be  both  an  internal  and  external  noise  limitation  goal 
specified  for  the  helicopter.  The  transmission  system  and  accessories  can  be  a  major 
source  of  noise  for  the  crew  and  passengers. 

DESIGN 

After  the  drive  system  general  arrangement  and  design  criteria  are  defined  in 
predesign,  the  design  of  the  transmission  system  can  begin.  The  three  primary  tasks 
performed  during  the  design  phase  are  layout  design,  detail  design,  and  design  support 
testing.  Layout  design  is  accomplished  by  dividing  the  transmission  system  into  major 
assemblies  and  assigning  each  to  a  senior  designer.  If  the  assembly  is  a  complex  one 
like  a  main  rotor  transmission  or  an  engine  combining  transmission,  an  analysis 
specialist  and  lube  system  specialist  may  be  assigned  to  assist  the  layout  designer. 
The  layout  designer  is  guided  by  periodic  design  reviews  by  his  peers  and  design 
supervision.  The  layout  is  a  comprehensive  definition  of  the  critical  dimensions  of 
the  transmission  assembly.  The  layout  drawing  is  supported  by  notebooks  of 
dimensional  tolerance  stackups,  stress  calculations,  computer  analyses,  and  other 
design  rationale. 

The  first  task  of  the  layout  designer  is  to  determine  the  transmission 
arrangement.  The  layout  designer  must  give  consideration  to  failsafe  design  by 
providing  redundant  load  paths  and  clearances,  to  modular  design  so  as  to  minimize 
secondary  damage,  to  assembly  and  disassembly  requirements  with  a  minimum  of  special 
tools,  and  to  repair  of  components  during  manufacture  or  overhaul.  Additionally,  the 
layout  designer  must  make  a  risk  assessment  of  each  feature  of  his  design  and,  if 
required,  incorporate  into  his  design  an  easily  achievable  alternate  configuration. 
The  layout  designer  may  study  several  configurations  to  determine  the  safest,  best 
performing,  lightest  weight,  lowest  cost  design.  A  transmission  mockup  may  be 
required  at  this  time  to  finalize  interfaces  with  other  systems  of  the  helicopter. 

The  layout  design  is  normally  started  by  sizing  the  gears  and  bearings  of  the 
transmission  and  then  packaging  them  in  a  housing.  For  the  foreseeable  future,  the 
type  of  gearing  used  in  helicopter  transmissions  will  be  the  same  as  today.  The 
layout  designer  will  use  spiral  bevel  gears  to  change  shaft  direction.  Parallel  axis 
gearing  such  as  spurs,  high-contact  ratio  spurs,  and  helicals  will  be  used  in  other 
stages.  Epicyclic  planetaries  have  been  and  will  continue  to  bo  used  for  compact, 
lightweight,  high-torque,  final-drive  applications.  The  gears  are  sized  by  high-speed 
computer  programs  that  calculate  bending  stress,  compressive  stress,  and  flash 
temperatures  for  scoring.  Gear  rims  and  webs  are  sized  by  finite-element  analysis  to 
minimize  stresses  and  place  natural  frequencies  out  of  the  operating  range. 

Once  the  gears  are  selected  and  sized,  the  size  and  type  of  bearings  required  to 
support  the  gears  can  be  determined.  The  three  primary  types  of  bearings  used  in 
helicopter  transmissions  are  cyclindrical  roller,  tapered  roller,  and  ball  bearings. 
Tapered  roller  bearings  are  normally  used  on  slower  speed  shafting,  since  they  cannot 
normally  be  successfully  operated  after  loss  of  lubricant  at  rib  velocities  greater 
than  approximately  20  meters  per  second  (4000  feet  per  minute).  High-speed  computer 
programs  are  used  to  size  the  bearings,  calculate  internal  geometry,  and  determine 
acceptable  preloads  for  duplex  and  triplex  ball  bearings.  Additional  bearing  design 
features  that  may  be  considered  include  locking  of  races  to  prevent  creep,  using 
bearing  races  integral  with  the  gear  shafts,  and  using  special  geometry  to  aid 
lubrication. 

The  location,  size,  and  type  of  overrunning  clutch (es)  must  be  determined.  Both 
sprag  and  roller  ramp  clutches  are  commonly  used  today.  A  significant  difference 
between  the  two  types  of  clutches  is  that  the  input  torque  must  be  applied  to  the 
inner  shaft  for  the  roller  ramp  and  to  the  outer  shaft  for  the  sprag.  Clutch  location 


t 


is  a  compromise  between  torque  and  speed.  It  is  desirable  to  have  the  clutch  near  the 
input,  low-torque  section  of  the  transmission.  However,  clutches  are  speed  limited. 
Depending  on  the  size  of  the  clutch,  roller  ramp  clutches  are  generally  limited  to 
shaft  speeds  less  than  8,000  rpm  and  sprag  clutches  to  generally  3ess  than  12,000  rpm. 
Spring-type  clutches  with  higher  speed  capability  are  being  developed  for  future 

applications. 

The  lube  system  is  sized  by  determining  the  combined  flow  required  for  critical 
gear,  bearing,  and  clutch  contacts.  The  scavenge  pump(s>,  if  required,  and  the 
pressure  pump(s)  can  then  be  sized.  Typical  lube  system  capacity  for  a  transmission 
is  7.1E-04  to  9.5E-04  cubic  meters  (0.75  to  1.0  quart)  per  74.6  kilowatts  (100 

horsepower).  High-pressure  lube  systems  may  be  required  to  ensure  jet  stream 

penetration  onto  the  gear  tooth  flanks  of  high-pitch-line  velocity  transmissions. 
Present  transmission  lubricant  filtration  systems  employ  combinations  of  80-micron 
(0.003-inch)  cleanable  screens  and  3-micron  (0.0001-inch)  disposable  filters.  Oil  jet 
orifices  should  be  protected  against  plugging  by  inlet  screens.  Splash  lubrication  may 
be  used  for  simple,  slow-speed  transmissions  such  as  tail  rotor  transmissions. 
Consideration  should  be  given  to  backup  lube  systems  for  failsafe-designed 

transmissions. 

Transmission  diagnostic  systems  include  oil  temperature  and  pressure  transducers, 
debris  detectors,  and  torque-measuring  devices.  Debris  detector  technology  has 
progressed  from  magnetic  plugs  to  bayonet  type  electric  chip  detectors  to  burnoff  chip 
detectors.  New  designs  are  using  full  oil  flow  debris  monitors  with  fuzz-burning 
capability.  Burnoff  counters  should  be  considered  for  incorporation  into  fuzz-burning 
debris-monitoring  systems.  With  the  torque  splits  within  the  transmission  system,  it 
may  be  desirable  to  incorporate  a  mast  torquemeter  into  the  transmission. 

Present  transmission  housings  ate  usually  made  from  castings  or  forgings.  Forged 
housings  may  be  required  to  transfer  rotor  loads  from  the  transmission  to  the 
airframe.  Present  commonly  used  housing  materials  include  magnesium  and  aluminum 
alloys.  Magnesium  is  used  in  less  demanding  structural  applications.  Composite 
housings  and  stainless  steel  weldments  and  investment  castings  are  being  developed  for 
future  designs.  Finite-element  analysis  may  be  used  to  analyze  complex  shaped 
housings. 

Present  shaft  seal  technology  uses  a  combination  of  elastomeric  seals  for  slow- 
speed  shafts  and  carbon  mechanical  seals  for  high-speed  shafts. 

The  type  of  drive  shaft  couplings  selected  and  designed  is  dependent  on  the 
misalignment  and  axial  displacement  that  must  be  accommodated.  Crown  gear  and  flex- 
frame  couplings  can  accommodate  axial  displacement  and  misalignment  angles  not 
exceeding  approximately  4  degrees.  Disc  pack  type  couplings  are  used  in  applications 
with  small  misalignment  angles,  normally  less  than  0.75  degrees,  and  very  small  axial 
displacements. 

When  the  layout  design  is  complete,  individual  components  are  split  off  from  the 
layout  and  assigned  to  detail  designers.  The  detail  designer  prepares  the  engineering 
drawing  that  defines  every  feature  of  the  component.  Approximately  175  drawings  are 
required  to  define  small,  single-engine  helicopter  transmission  systems.  More  complex 
transmission  systems  may  require  approximately  300  detail  drawings.  The  detail 
designer  must  be  capable  of  defining  the  processes  used  to  produce  transmission 
components.  Some  of  the  items  specified  by  the  detail  designer  include  the  following: 

-  Tolerances  within  manufacturing  machine  and  tooling  capability. 

-  Gear  manufacturing  methods,  including  ground  or  unground  roots,  honing,  allowable 
stock  removal  after  heat  treatment,  involute  modifications,  and  crown  modifications. 

-  Type  and  size  of  starting  material.  The  material  may  be  bar,  tubing,  forging, 
investment  casting,  sand  casting,  or  other. 

-  Heat  treatment  required,  including  case  depth,  case  hardness,  core  hardness,  and 
maximum  percent  carbon.  Most  power  gears  are  either  carburized  or  nitrided.  Many 
other  components  are  through-hardened. 

-  Shot-peeni ''g  requirements,  including  size,  intensity,  and  coverage  of  shot,  A 
diagram  showing  locations  of  almen  strips  to  measure  intensity  May  be  required, 

-  Dynamic  balance  requirements  and  provisions  for  balance  material  removal, 

-  Allowable  weld  repair  limits  on  castings. 

-  Protective  finishes  on  housings  to  prevent  corrosion. 

-  Weld  joint  configurations. 

The  detail  designer  must  also  have  a  working  knowledge  of  many  inspection 
processes  used  for  transmission  components,  including  the  following: 

-  Involute,  lead,  and  tooth  spacing  Inspection  of  spur  and  helical  gears. 

-  Contact  pattern  inspection  for  spiral  bevel  gears. 

-  Radiographic  inspection  for  castings  and  welded  joints. 


-  Magnetic  particle  inspection  for  gears,  shafts,  and  other  critical  magnetic 

components, 

-  Penetrant  inspection  for  housings  and  other  critical  components. 

The  detailer  should  perform  a  failure  mode  and  effects  analysis  on  the  component 
he  is  designing.  The  analysis  should  consider  the  likely  primary  and  secondary  static, 
fatigue,  and  wear  failure  modes  and  list  the  features  incorporated  in  his  design  to 
prevent  or  mitigate  those  failures. 

The  detailer  also  designs  the  special  assembly,  disassembly,  and  alignment  tools 
required  for  the  transmission  system. 

The  detail  designer  prepares  design  process  specifications  for  spiral  bevel  gears 
that  define  the  machine  settings  and  tooling  required  to  manufacture  the  gear  as  well 
as  the  contact  pattern  inspection  requirements  that  the  gear  must  meet. 

Computer  graphics  are  now  used  extensively  by  detail  designers  to  produce 
drawings.  When  the  transmission  layout  is  also  done  by  computer  graphics,  the  detail 
drawing  can  be  produced  more  efficiently.  Computer  graphics  are  more  efficient  in 
making  dimensional  stackups,  performing  weight  trade-off  studies,  generating  finite- 
element  models,  and  determining  interfaces  with  other  system  hardware. 

Although  the  detail  designer  is  primarily  responsible  for  producing  an  accurate, 
well-designed  component,  his  drawing  is  subject  to  a  thorough  check-and-balance  system 
of  reviews.  A  drawing  normally  must  be  reviewed  and  approved  by  the  layout  designer, 
checker,  producibility  specialist,  stress  analyst,  weight  analyst,  materials 
specialist,  group  engineer,  project  engineer,  and  customer.  Additionally,  if  the 
design  is  for  a  commercial  helicopter,  a  Federal  Aviation  Administration  designated 
engineering  representative  must  approve  the  drawing. 

Design  support  tests  ace  required  to  provide  data  to  support  and  improve  the 
transmission  design  process.  A  major  area  of  design  support  testing  is  material 
evaluation.  A  new  material  should  be  thoroughly  investigated  prior  to  committing  it  to 
production.  Most  of  the  design  support  tests  are  conducted  using  specimens  rather  than 
full-scale  hardware  to  minimize  cost. 

Some  initial  screening  tests  for  materials  Include  mechanical  property  tests 
(tensile,  yield,  and  elongation),  heat  treat  response,  impact  strength  evaluation  at 
room  temperature  and  subzero  temperatures,  fatigue  strength  evaluation  (rotating  beam 
and  flexure),  residual  stress  measurements,  and  corrosion  evaluation.  If  the  material 
shows  promise,  further  tests  are  required.  Additional  tests  for  a  new  gear  material 
include  single-tooth  bending  fatigue,  dynamic  surface  fatigue,  scoring,  hot  hardness, 
and  fracture  toughness  evaluations. 

New  transmission  system  lubricants  must  also  be  evaluated.  Gear  tooth  scoring 
tests  are  conducted  to  evaluate  a  lubricating  oil's  load-carrying  capacity.  Crown  gear 
coupling  tooth  wear  and  temperature  tests  may  be  used  to  evaluate  a  new  grease. 

MANUFACTURING  COORDINATION 

The  transmission  designer  must  participate  in  the  manufacturing  process  of 
transmission  components  to  fully  understand  how  a  component  is  made  and  to  resolve  any 
unforeseen  problems.  After  a  drawing  is  released  to  manufacturing,  a  planner  prepares 
a  sequential  step-by-step  defi.Tition  of  how  the  part  is  to  be  manufactured  and  records 
this  on  operation  sheets.  The  transmission  designer  reviews  the  operation  sheets  with 
the  planner  to  ensure  that  the  procedure  will  produce  a  part  meeting  all  drawing 
requirements.  The  planning  review  also  gives  the  manufacturing  planner  an  opportunity 
to  identify  potential  manufacturing  problems  with  the  part  and  resolve  them  with  the 
des igner . 

Some  transmission  components,  such  as  bearings,  oil  pumps,  oil  coolers,  clutches, 
oil  filters,  seals,  debris  detectors,  transducers,  and  couplings,  may  be  purchased  from 
outside  manufacturers.  These  purchased  pacts  are  defined  on  source-controlled 
drawings,  meaning  that  only  a  manufacturer  whose  product  has  met  all  specified 
qualification  requirements  is  allowed  to  produce  the  component.  The  transmission 
designer  must  coordinate  with  the  vendor  to  ensure  the  part  corplies  with  the  source- 
control  drawing  requirements.  Normally  a  vendor  will  submit  to  the  transmission 
designer  a  vendor  drawing  for  approval.  The  drawing  review  process  allows  the  vendor 
an  opportunity  to  resolve  any  problems  he  may  have  in  manufacturing  or  qualifying  the 
part.  Any  vendor-conducted  qualification  tests  and  resulting  test  reports  must  be 
reviewed  for  compliance  with  drawing  requirements. 

The  transmission  designer  works  directly  with  manufacturing  during  development  of 
acceptable  spiral  bevel  gear  tooth  contact  patterns.  Machine  setting  deviations  from 
the  summary  sheet  are  mutually  reviewed  and  agreed  to  by  manufacturing  and  the  designer 
and  are  subsequently  defined  in  the  design  process  specification.  Spiral  bevel  pattern 
development  is  a  trial-and-error  process,  often  requiring  several  grind  and  test 
iterations  until  an  acceptable  pattern  is  produced.  A  desirable  contact  pattern  is  one 
that  at  maximum  load  fills  the  tooth  profile,  just  touching  the  top  edge  of  the  tooth, 
but  being  slightly  in  from  the  toe  and  heel.  Additionally,  the  pinion  tooth  must  be 
sufficiently  modified  to  prevent  any  surface  distress  fror.  tip  interference. 


The  transmission  designer  must  also  prepare  transmission  acceptance 
specifications.  Most  major  transmission  assemblies  are  acceptance  tested  to  gradually 
break  in  the  contacts  within  the  assembly  and  to  provide  assurance  that  the  assembly 
will  operate  successfully  in  service.  The  acceptance  specification  defines  the 
schedule  of  powers  and  speeds  required  in  the  test,  post-test  disassembly  and 
inspection  requirements,  and  the  pass  or  fail  criteria.  The  post  acceptance  test 
inspection  typically  evaluates  gear  tooth  contact  patterns,  bearing  race  contact 
patterns,  bearing  ring  creep,  proper  fastener  torques,  smoothness  of  shaft  and  bearing 
rotation,  and  oil  seal  leakage. 

Occasionally  components  are  manufactured  that  do  not  meet  all  engineering  drawing 
requirements.  These  parts  are  submitted  to  a  transmission  design  specialist  who 
reviews  the  discrepant  parts  and  determines  if  the  part  can  be  used  as  is,  can  be 
reworked,  or  should  be  scrapped.  If  the  discrepant  parts  are  reworked,  the 
transmission  design  specialist  must  define  the  manufacturing  and  inspection  operations 
necessary  to  salvage  the  parts.  The  layout  and  detail  designers  must  anticipate  rework 
requirements  and  incorporate  rework  capability  into  their  designs  wherever  possible. 

BENCH  TESTING 

A  new  transmission  system  must  be  extensively  tested  before  it  and  the  helicopter 
can  be  certified  and  delivered.  The  bench  test  may  be  conducted  on  the  complete 
transmission  system,  an  individual  gearbox,  or  an  individual  component,  depending  on 
the  type  of  test.  The  first  tests  conducted  are  development  tests  to  identify  any 
weakness  or  shortcomings  in  the  design  and  to  correct  them  by  redesigning  if  necessary. 
Some  of  the  development  tests  required  for  a  transmission  system  include  the  following; 

-  Spiral  bevel  gear  roll  tests  are  conducted  using  an  assembled  gearbox  to  expedite 
tooth  contact  pattern  development.  Additional  dynamic  tests  using  the  transmission 
assembly  are  required  to  further  develop  the  desired  tooth  contact  patterns  for  all 
gears  in  the  drive  system.  Frequently,  the  gear  sets  must  be  redeveloped  or  modified 
and  retested  to  obtain  the  desired  contact  pattern, 

-  Gear  rims  and  webs  are  vibration  tested  to  ensure  the  natural  frequencies  are  outside 
of  the  operating  range  and  to  provide  correlation  for  the  earlier  finite-element 
analysis. 

-  Critical  gear  members  may  be  strain  gaged  and  rolled  through  mesh  under  torque  to 
determine  actual  operating  tooth-bending  stresses  and  to  provide  correlation  to 
earlier  tooth-bending  stress  calculations. 

-  Bearing  operating  temperatures  are  measured  by  locating  thermocouples  on  the  non¬ 
rotating  bearing  races  during  gearbox  tests.  Additional  thermocouples  may  be  located 
in  the  gearbox  to  determine  hot  spots  to  modify  lubricating  requirements  and  to 
identify  likely  loss-of-lubr icant  failure  areas. 

-  Oil  management  tests  are  conducted  on  the  transmission  assembly  to  evaluate  lube 
system  performance,  including  proper  cooling,  flow,  scavenging,  jet  targeting,  and 
sump  dwell  time.  Additionally,  the  pump(s)  flow  and  pressure  margins  must  be 
determined  and  any  oil  foaming  must  be  eliminated. 

-  Debris  detector  capture  efficiency  tests  are  conducted  on  the  transmission  assembly 
by  injecting  debris  into  different  areas  of  the  gearbox  and  measuring  the  time  until 
a  warning  light  is  activated. 

Many  transmission  components  require  fatigue  testing  to  provide  confidence  that 
oscillatory  operating  loads  will  not  cause  failures.  In  addition  to  normal  operating 
oscillatory  loads,  ground-air-ground  or  start-stop  cyclic  loading  may  require  fatigue 
testing.  Depending  on  the  number  of  specimens  tested,  a  component  may  be  overstressed 
from  12S%  to  200%  to  obtain  a  satisfactory  level  of  confidence.  Some  transmission 
fatigue  tests  that  are  normally  required  are  listed  below; 

-  Dynamic  gear  tooth  bending  fatigue  test  in  the  gearbox  assembly  at  125%  to  140%  of 

the  maximum  normal  operating  stress.  The  test  is  continued  until  all  gear  teeth  have 

accumulated  a  minimum  of  ten  million  cycles.  The  test  may  require  using  an  improved 
oil  and  keeping  the  oil  as  cool  as  possible  to  prevent  surface  fatigue  failures  or 
tooth  scot  1 ng . 

-  Rotor  shafts  or  masts  ace  normally  fatigue  tested  as  a  component  rather  than  with  the 
drive  system.  Four  to  six  masts  may  be  tested  simulating  flight  loading  of  thrust, 
shear,  and  moment  to  substantiate  the  mast. 

-  The  transmission  housing(s)  that  mounts  the  transmission  and  rotor  to  the  airframe 

may  be  fatigue  tested.  It  may  also  be  required  to  fatigue  test  a  housing  that  is 

subject  to  oscillatory  control  loads. 

-  Drive  shaft  coupling  flexures  are  fatigue  tested  to  substaritiate  them  in  bending 
fatigue. 

-  Sprag  and  roller  ramp  clutches  are  tested  to  demonstrate  adequate  surface  fatigue 
life.  If  only  one  clutch  specimen  is  tested,  it  may  be  tested  at  two  times  the 
maximum  normal  operating  torque. 

-  Cooling  fans  may  be  required  to  be  fatigue  tested  for  start-stop  cycles. 


static  tests  are  often  required  for  transmission  housings  and  clutches.  If  a 
transmission  housing  has  an  analytical  positive  margin  of  safety  less  than  0.25,  the 
housing  requires  static  testing.  Crash  loads  are  usually  the  most  severe  static  loads 
imposed  on  a  housing.  Contemporary  military  helicopters  require  a  16g  eras’  load 
factor.  Overrunning  clutches  may  be  static  tested  to  a  minimum  oi  three  times  the 
maximum  service  torque  the  clutch  must  transmit  without  slipping  or  rolling  over. 

Failsafe  tests  may  be  required  on  drive  shafts  and  gearbox  assemblies. 
Contemporary  military  transmissions  are  required  to  operate  a  minimum  of  30  minutes 
after  loss  of  lubricant  at  the  cruise  power  requited  for  best  range.  To  demonstrate 
the  required  30-minute  loss-of-lubricant  capability,  one  gearbox  assembly  must  operate 
for  1  hour  minimum  or  two  gearbox  assemblies  must  operate  for  30  minutes  minimum  during 
bench  testing  after  the  lubricant  is  drained.  A  bench  test  may  be  required  to 
demonstrate  that  a  drive  shaft  will  transmit  adequate  torque  after  being  ba 1 1 i s t ical ly 
damaged.  Additional  drive  shaft  bench  testing  may  b<^  required  to  show  the  shaft  will 
operate  safely  after  a  flex  frame  or  bolt  failure. 

After  the  development  bench  testing  is  completed,  a  preflight  bench  test  of  not 
less  than  50  hours  is  conducted  on  the  transmission  system  so  that  flight  development 
of  the  helicopter  can  be  performed  concurrently  with  the  remainder  of  the  transmission 
bench  tests.  However,  for  safety  the  helicopcer  flight  development  operating  time  and 
power  must  not  exceed  the  time  or  power  of  the  transmission  bench  test  program. 

A  prequalif  icatio.'.  bench  test  for  200  hours  at  powers  up  to  125%  of  maximum  power 
is  normally  conducted  on  the  complete  transmission  system  to  identify  any  weak  are^s 
remaining  in  the  system  after  incorporation  of  the  changes  required  by  the  development 
tests.  The  prequal i £ .cation  test  is  not  a  must-pass  test,  but  should  provide 
confidence  that  the  qualification  test  can  be  successfully  completed. 

A  200-hour  qualification  bench  test  at  powers  up  to  110%  of  maximum  power  is 
conducted  to  certify  that  the  drive  system  is  sufficiently  developed  for  production. 
The  qualification  bench  test  must  be  completed  without  any  failures  or  excessive  wear. 
A  failure  during  the  test  requires  a  penalty  cun  to  be  conducted  after  changes  are  made 
to  correct  the  problem. 

AIRCRAFT  TiiSTING 

The  transmission  system  must  also  be  extensively  tested  on  the  aircraft,  both  tied 
down  and  in  flight,  so  that  it  is  subjected  to  the  interactions  of  other  helicopter 
systems.  Prior  to  first  flight,  a  limited  tiedown  test,  normally  of  not  less  than  50 
hours,  is  cond'’Cted  to  release  the  aircraft  for  flight.  The  first  flights  are  used  to 
evaluate  handling  qualities  and  performance  and  to  expand  the  operational  flight 
envelope.  A  load-level-survey  is  then  conducted  with  an  extensively  instrumented 
aircraft  to  measure  operating  loads  and  drive  shaft  coupling  axial  displacement  and 
misalignment  angles.  The  loads  and  coupling  data  are  used  to  verify  component 
analytical  substantiations  and  to  correlate  with  previous  calculated  load  data.  The 
measured  flight  loads  are  also  used  for  defining  the  test  load  spectrum  used  in  the 
ground  run  qualification  testing. 

Vibration  tests  ace  conducted  to  determine  drive  shaft  natural  frequencies  and 
ensure  they  are  not  within  the  operating  range. 

Cooling  tests  ace  conducted  to  demonstrate  that  the  lube  system  has  adequate 
cooling  margins  to  operate  in  high  ambient  temperatures.  Additionally,  very  low 
ambient  temperature  tests  are  often  conducted  to  demonstrate  proper  transmission  system 
operation. 

Acoustical  measurements  may  be  made  to  identify  sources  of  annoying  noise  and  to 
determine  acceptable  attenuation  methods. 

The  final  qualification  test  is  the  ground  run  or  tiedown  test,  which  normally 
lasts  from  200  to  250  hours,  depending  on  the  helicopter  configuration.  The  ground  run 
is  primarily  a  drive  system,  rotors,  and  controls  endurance  test  to  demonstrate 
reasonably  achievable  operating  intervals  without  failuie.  The  drive  system  is 
typically  cycled  repeatedly  through  a  10-hour  power  spectrum  consisting  of  50%  of  the 
time  at  maximum  takeoff  power,  10%  at  110%  maximum  takeoff  power,  and  the  remaining  40% 
at  maximum  continuous  power.  Additional  tests,  such  as  rotor  brake  engagements  and 
clutch  engagements,  may  be  included  in  the  ground  run  te  t.  The  ground  run  must  be 
completed  without  failure  or  a  penalty  tun  may  be  required. 

FIELD  SERVICE  SUPPORT 

The  designer  must  keep  himself  aware  of  how  the  transmission  system  is  performing 
in  service  so  he  can  correct  any  service-related  problems.  Lead-the-f leet  inspections 
are  an  effective  method  used  by  the  designer  to  gain  knowledge  of  field-service 
performance.  Lead-the-f leet  inspections  ate  complete  drive  system  teardowns  and 
inspections  performed  by  a  design  team  on  selected  high-time  aircraft  .  The  lead-the- 
fleet  inspection  provides  data  so  that  rational  inspection  and  overhaul  limits, 
component  replacement  or  life  limits,  and  reasonable  transmission  lubricant  and  filter 
change  intervals  can  be  established.  The  designer  also  helps  prepare  maintenance  and 
overhaul  manuals. 
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Figure  1.  Flowchart  summarizing  the  helicopter  transmission  design  process. 
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DISC  rsSION 


D.Ci.AsIrldgi',  I  'K. 

I  was  lulcrcsicd  in  voiit  comment  on  BcIFs  practice  tt>  intrtKiuce  Itirqucnicters  in  the  main  rotor  drive-shaft.  W  hat  ts  pc 
ol  lorqucmcicrs  arc  used'.’  I>{>  they  prtnule  mean  torque  values  only,  or  is  the  bandwidth  sufficient  to  provide  dynamic 
data  (e.^.  transients,  blade  passing  frequency.  i>r  gear  mesh  frequency).  Presumably  on  twin  engine  helicopters,  the 
cockpit  indication  of  separate  input  torques,  or  torque  split  is  retained. 

.Author's  Reply 

I  he  lorquemeters  used  in  the  Bell  Melica^pier  main  rotor  mast  are  of  the  shaft  torsitm  type  w  ith  the  fixed  end  near  the 
rotor  hub  and  displacement  measured  near  the  bottom  ol  the  gearb<>.x.  I  he  system  is  used  to  measure  mean  torque  only. 
Bell  practice  is  to  strain  gauge  the  main  rot»>r  mast  and  tail  rotor  output  shafts  during  load-Ievel-surve\  test  to  measure 
oscillatory  i<irque  during  the  complete  flight  operatumal  spectrum.  Both  enginc(s)  torque  and  mast  torque  is  displayed 
on  the  instrument  panel.  Since  torque  is  split  in  several  directions  (main  rotor,  tail  rotor,  and  accessories)  in  a  helieopter 
drive  system,  the  mast  Uuquemeter  is  used  to  optimize  helicopter  flight  performance  by  aeeuralcK  measuring  main 
rotor  mast  torque. 


Lur.icHi  or  ra\crrTi()\  ozs  de:\turl'5  d*l\cre\ace5  pour  rldiictlurs  h  naiTrs  or  viTrssrs 


MM.  L.  FAURF  et  A.  HOHRICN 
CLIIH 

52,  Avenue  Fcli^  I  ouat 
60300  -  SENL!5,  FRANCF 


L'abjet  dr  ret  expose  est  de  prf^senter  les  possibilit(*G  offertes  par  le  loqiciel  de  Conception  dcs 
Dentures  d ' Fmirenacjes  par  Ordinateur  Ff.A.D.O.R)  qui  o  dte  dlabord  par  le  CFTIM. 

Uanj  ]a  premidre  partie  de  la  conference,  il  est  pr(?sent^  la  structure  du  programme  d’efitrec  du  lotiincl 
qui  permet  au  concepteur  d’obtenir  trfes  rapidement  les  caract<^rist iques  qf^orndtriques  optinialt-s  d’un 
enr)renage  ciui  doit  repondre  k  un  Col  ier  dec  charges  donne. 

Dans  la  deuxidme  partie,  il  sera  surtout  mis  I'accent  sur  les  possibi  lit<^s  offertes  par  la  i  uinljjnairsan 
dec  diff^rents  praqrammes  composant  le  loqiciel  qui  permetteol  k  I 'ut i lisateur  ; 

-  tJe  ‘/'assurer  du  bon  dimensionnement  de  1 'enrjrenacie 

-  de  fixer  Ic  tolerancement  qui  lui  qarantira  la  pr("*cision  et  le  jeu  qu'il  desire. 


pnrnr\TATia\ 


la  df^terminat  ion  cJ'onqrenaqes  fonctionannl  dans  des  conditions  de  couple  on  de  vitf’sse  F'iovFf  tiptess;  itf 
r.ouvenl  one  dtude  npprofondie  de  la  denture  pour  df^'fitiir  des  rarart«'*r  ist  iques  qui  prennent  ert  conpti'  le 
niaximum  de  pnram^t  re‘;,  du!>(ju'5  present,  darts  la  plupart  des  cas  indust  riels,  ces  caract  r'-r  ist  kju*  s  i  ont 
obtertues  ^  partir  d'abaques,  tie  formulaires  otj  par  extrapolation  a  partir  d'af'Cir'nni's  <  at.>r  irat  lun', . 

Des  essair,  de  fonrt  ionnetnent  p*>rmct  lerd  ,  opr6r>  coup,  de  modifjr'r  les  caracte/ ird  ique'^  e»  tje  If'ndr-'  ui'i 
vers  une  solution  optimisee. 

Drftce  nux  ralculatetirs,  ort  pi*iil  mainteriant  fmiw i'-.atjf'r  un  cjrantl  tiombre  dc  calculs  au  stadc'  de  i'ava'  t  pro|i  t 
de  fa^ofi  ^  pouvoir  prr^dire  avt.’C  urte  (irnnde  prr'-rision  les  performances  futures  de‘;  eri'trenaiif'').  'c  cetle 
fa^on,  Jes  essais  ne  ronstituent  pas  unc  f-tape  dc  miso  nu  poirit  de  la  denture  c  1  le-ttiern-  mats  I'v.-.f,  df 
cuntrdle  des  performances  qlobales  du  materiel  le«jtf*. 

Aver  la  fjt^ndral isot  lort  des  traitements  de  durcissement  r.uperf  icieJ  tels  que  cemf'/il  at  lon-t  r 'cipe  uu  t,i  t  j  u¬ 
rat ’on,  le  concepteur  est  nmen6  ^  prendre  en  rompte  les  deformations  des  deiitures  f,ou'.-  cl'iiq*-  de  fatjuti 
ft  la^allser  des  ('urrert  ions  qC^onw^t  riques  pour  Pviter  les  r.tircharfjes  localisr^'ps  rjui  run<lui>**nl  1 1 1  F-rx  dj 
blement  ft  une  rupture  ou  un  r^caillaqe  pr<5maturF'  des  dents. 

Pour  repondre  ft  ces  besoins  industriels,  le  rrilM  a  d^vr'loppd  un  logu.iel  de  ealrul  des  <)eritiirer; 
d' entjrenaqe'i  sur  ordinateur  (FA.D.UR).  Cc  loijicicl  permet  cio  r^aliser  dos  tflrt>es  multiple:,  ti'lles  tjue 
deri  cfevis,  de?,  calculs  do  conception  ou  d'ovant  projet  oinsi  qur*  dos  vr^rif  icat  ior>‘;  tie  difneiisionnenrrd 
sf'lon  difff^rentos  mf-thodes  normaJisF’es.  I'jkolution  acluelle  de  re  loqiciel  duif  penet  f  re  uti  tduplarjr 
proqressif  de  cet  outil  de  travail  avec  les  moyens  modernes  de  "dessin  ajjsifdr^  par  nt  d  uiat  enr"  it  (!(> 
"conception  assistel'e  par  ordinateur",  (ef  figure  I). 


CALCULS  D'AIAM  PROJl  T  -  DrviS  -  rHIfFRAnt 


Le  but  de  re  proqramme  est  de  determiner  rapidement  les  nombres  de  dents,  le  module,  la  Inrueui  de 
denture,  I'aruile  d'hf’lice  el  les  coeffirienls  de  deport  pour  transmettrn  unp  puisrianre  demafid'd'  ft  une 
Vitesse  donn(5e  et  dans  un  entraxe  impost^. 

Plusieurs  cfieminements  sont  possibles  dans  ce  proriramme  suivant  que  l'or<  s'crietitr  vers  un  acirr  de 
(•lamentation,  de  nitruration,  de  t  rempe  superf  icielle  par  induct  lori  on  traits  dans,  la  mar>s('. 

Les  donnr'es  ft  introduire  dans  le  programme  sont  : 

-  La  puissance  ft  transmettre 

-  L 'entraxe  du  carter 

-  la  Vitesse  de  rutafjon 

-  le  lapport  de  r('d‘.»rtH>n 

-  les  f  arac  t  (^r  isf  1 '((jer;  (}ii  mjiteiiaii  rhoi-.i 


1"-: 


-  (  urif.  rai  nf  r  limUo  do  fiitiii'jt'  on  flexion 

-  f-'ro'iMun  litr'ile  fafiiiuo  do  ront.icl. 

►’ar  !<■  pro-jiamru'  tr.'Haillo  avor  uri  oiitill.i,--  dHndnrd  I'jO  maif;  il  oat  po.saiblo  do  I'ji  ird  i  txiiiiio 

(!•  a  '  a  r;o' { I  1 [  iijui  •.  apoi  i  f  i  quca  ot  notammont  cello  J;  a  outils  5  prot  uboranco  .  rf  f  jijuro  2  . 

1  o  pr  o;]rar-fio  faif  If  choix  'fun  nodule  eL  fournit  lea  proniors  r<^aultata  ueomet  r  iquoa  : 

.  L--:a  ru)'-liio-;  cfo  di-rd,:.  pouc  cot  J  at  ai  re  au  rappoi  t  ile  reduction. 

.  I  '  ini'lo  d’fx'iif  o  i>uiii  p.iaaf'i'  Jana  I'onti  axe  pane  curctianjer  axiait*fnent  lea  roulemofit  c. 

.  la  aovime  dec  caot  f' irior>t  a  do  ejoport 

.  la  ropai  1 1 '  iof(  doc  tjdpoi  t  c  'Titro  lo  pHjf.on  ct  lo  roue  pour  mininioor  lea  qliacomontc  cp(^‘r  if  jci'Ji  a 
,  rf  f  iqufor.  3  of  4  ' 

,  Li-c  diam^trcc  ro-tri  ienrs  dca  pl^cea  pour  r»5?jiiani  lee  obauchea. 

i'arc.  la  part  xo  cutvanto,  !•'  pioijramne  ralrule  la  larcjcur  dr  denture  minimal^.^  pour  ropondre  au  p^otJJ^nc' 
dr  torujo  on  precaion  cuperf  ir  lol  In.  'ji  cette  valour  est  t^xagdremenl  nrande  ou  petite  on  regard  du  module 
dec  di.am^troc  dm  pl^cec,  il  ost  popciblo  de  modifier  la  valeur  de  I'entrnxo  en  relournant  en  debut 
dn  pra.iiutf^tmo. 

A  part  II  do  la  largeur  de  <jenturo  opt  imis^e,  lo  programme  effectue  un  ralcil  do  dimenfiionnement  cn  rupture’ 
at  donne  lo  coeff  icient  do  cikurito  corroepondant ,  Si  ce  roeffii-ient  est  trop  faible,  le  module  eel  augment? 
ot  lo  calcul  roprip, 

1  I*  t  f‘mp‘j  ij'ex('‘ruf  ion  d'un  calcul  d'avant  projel  pour  un  engronage  est  d'environ  IS  rniuules.  f)n  reniarquera 
jui'  I't'ritraxe  ^l.anf  fix!*,  la  somme  des  departs  oL  I'ungle  d'h<51ice  sont  des  param^terr.  interdfpendantr., 
l.'ai'ijle  d'holice  minimum  doit  permottre  uri  rapport  do  recouvroment  suffisant  tandic  quo  la  somme  deis  deport. 
“  ifuncie  dans  ur  e  fourchette  on  priv  il^giant  coit  la  tenuo  en  rupture,  soit  ie  rapport  do  conduif-o. 

in  amont  doc  programmes  dr  calcul  do  ctiaguo  train  d'ongrenage,  il  pout  etre  neceosaire  d'avoir  recouro 
h  un  proiiramme  do  calcul  (.  inemat.  ique,  notainmont  pour  loc  trains  planf^t.aires,  dans  le  but  d(?  connaitre  avec 
I’xjirt  itude  lor,  \.itc’som  rolativec  Jo  ( ttaque  pigtion  ot  la  puiasxince  transmise  par  chaquo  €M»(3renanp  en  tenant 
'■ompto  du  rertdomont  de  la  cbaine  c ir>omai  ique  etivjcngeo. 


.bit  Sf  ICS  |.i(  g  j  ARAt  |{  IMM  I  gef  • ,  r.|  TPl'JI'f  S  [)(  f  AtlPIl  -M  10\ 

■'  I'lccuo  do  IS’tudo  d'avrnd  pio)ot,  i»r>  connait  1 'oficomhrc-mofd  radial  ot  axial  fiococsoiro,  airici  quo  lo 
'  '!';•(  I't  ''f  do  i  r  a  I  f  j-mer.f  iheifnif|uo  a  provfiir.  Il  out  done  por.cilile  d’octimoi  lo  cout  tie  la  rfaljca- 

*  i.if  1'*  1  '  ongi  • ‘U;)t  lo .  I'uiji  ai  • 'mJoi  b  la  i  onna  i ‘xxiaru.e  do  toutns  les  rolalionc  du  plan  d'ex<^cvjt  ion,  il  i  aut 

‘  I  .I'.l  Uj  I  CtMi.  (•»  -Ipl'. 

'■  1-'  .»•(  ijtn!  r-.-Htuln  du  pioiii  ampi»*  lA.().ut^.  qiii  pnrmet  de  rt-alicnr  ce  paccago,  11  ost  ru’cossa i  re  pour 

’  I't.  •  .uti"' t.iuie't  -ill  pi  imme  les  donndoc  prdcinm  de  i’outiJloge  g.ii  sera  utilird  pour  la  r«*''i  1  isat  ior 
'  ll'  I'  ’.i.  aiJt»n<ii  ije  uunnipt  d’outil,  prot ubt'panco ,  fairf'paisceur  d'f^baucho,/  et  dnne  lo  ciic  d’un 
'.'fl-t  I'if  '  ..mil*-  .!»'  d-Tdc  ill-  I'uulil  of  i’t  at  d  ’  af  f  ul  ai|e  > .  Ori  pout  ogalomont  mtroduiro  tin  chanfroiu 

■'  ■•■'ur--  ;tiui;.,..rt  l'it,/|lM  d '  1  m  I  I  fia  i  coihJu  ctiao  ;re  1 1 1  et  lo  croux  actif  il'outil  ,cf  fniuir''. 

•  !  ’  t  ii;  t>.*f  1  uu'.  p'l  •'(•t  t  .'td  an  pi(.M|iammo  de  vf-rifier  Ics  car.n  I  trist  ig'i'-'.  i/timot  tkiui's  otitonuitt  pif.Sf'dtMn- 

f  .  |■‘•f  f  ft  I  ij<-f  II:  ffiixc  ^  giande  l'•^-hello  U'une  dertt  cnmpl^t(>  pour  >,  i  cue  1  lut-r  t*'  profij  obteriu  lorrj  du 

‘  tillifi-  »f  ntoi’rf  »-f.  »'vi-Jfnt<’  ur.e  >'a,ont  uel  le  erreur  do  eoficopl  loii  due  it  u'l  mauvaic  choix  d'outillago  ou 
't  ur.  I  .'iti]t  icnf  il’  .t*g.iui  f  ir-iitapl  *'•.  I  fi  oulio,  lo  trac'^  <tec  flon1«irec  apta'u:  ('•tiaurtto  permol  do  mot  f  re  on 
v  i  i‘ ’  t  i>  In  pu  ifioti  de  de-.'en*e  limite  Jo  la  moule  do  root  if  i«  af  ion  pnur  e\.itor  un  ('onlact  iruJefiirat)]o 

1.  et  !'■  X'l  Ilf  il  ;lf'  1  ,t>  f  ul  di’fteltf  . 

I.  pi '■I.ii  ,,ii'rf  idtj-ji.'  eu'.i;ifr  I  '  »-i  I- jT  enf’rcf  it  dec  doux  donfaie-.  of  dunne  print  ipitux  pafamMi-es  do  l'r5puro 

,] '  I  ' ;  I  x't  i«-.x-<iri  r  ;  1  ui  It  ;uoijI -i  't  ‘  tjppl  O'-tin  ot  uo  roltaife,  i  appul  t  de  /uf>‘dui*o,  ravtific  arlifc  do  pied,  rayOfi  (.le 
I'l'.".  fi-tu*  t'lrdail  iifiliju>-,  ij]  I'. cement  ■;  cpC’C  J I  pjuoi.  • .  tf  fliiute  S 

!•".  1  nf  ( •  r  f  I  !  ti '•••,  de  t  1)01  t  joiiiifitioiif  snr.t  T'.  j;j  |  emor  if  •i-iriali'ec  :  ifil  off  ereuie  primaire'  pour  iec  en')ronagr.'C 

i.i,  t  <•  r  1  oijr .  1  ff  r-r  f  or  oi  (  o  piirajit-,  -.et  undai  r  f  *-f  avoi  p-s  piufll-;  de  |  ;,1  <  <||  de':»‘fil  puul  li's  on.ji-on.-iiioc 

I'd  'U  ii-ui  c. 


' '  d  1  1  I '  .a  t  I'ui  i  f  d  r  udi  i  I !  ei  i  m,  j  f  ••  leu  t  ul  t'-r  af  n 
■'  1"  jf'ij  d*'  f  urn  t  1  ur.r lomenl  dt'-uirt^  it-; j,  i 'nun 

lo-,  e(,  J1  er  a'lf  .  la  lu'o',  '.ur  fc  d’-ntu  ,d  on  ni 
>  ■'■•I!  If  plan  de  f  .  il>i  i'  a  t  l  un  ijij  t  i-it  ud  ui  fr 


'  r  uu  1 1  i.iijo  i.fo-  pui  I  t'-ou  de  luulomentc  foltuante  t.l '  C'l  d  imxo 
ninii;,,,iti  .  I  e  pru'pamfiio  dufifie  leu  1  1 1 1  «-r  ar  if 'u  <1e  f  al  1 1  1  c  a  t  ]  i  ir  i 
-ul  pi-jeu.  fe-.  t  ulf'-i'.ilii  !  u  p'euvent  ef  re  d  li  et  t  enord  "lent  lun- 
■•'t  i  .uut  If  lulf'-ranie  h  patfii  do  la  nuimo  |',fl  I'pd. 
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SUMMARY 


Helicopter  transmission  Times  Between  Overhaul  (T.B.O’s) 
appear  to  be  surprisingly  low  but,  even  so,  Mean  Times 
Between  Removal  (M.T.B.ft's)  tend  to  be  much  lower.  Causes  ol 
early  removal  are  varied  and  do  not  all,  by  any  means,  re-iati 
to  Ttiboiogical  prol^lcms,  although  cost  analyses  suggest 
strongly  tl;at  it  the  bulk  oL  such  problems  coui<i  be 

eliminated,  reductions  in  annual  tielicopter  ownersliip  costs 
would  be  very  substantial  indeed.  In  short  the  main  key  tc- 
iower  costs  lies  in  improved  mechanical  reliability. 
Research,  supported  by  trials  experience,  suggests  that, 
provided  a  gearbox  is  tree  trom  design  d(.  i  i  c  i‘:nc  les ,  tin 
replacement  ot  a  gas  turbirio  oil  L>y  a  suitablt'  gear  oi. 

combined  with  3^  m  absolute  tiltiation  would  i-e.sult  in 
appreciably  higher  TDO’s  and  <-nhunce-d  reliability.  To  treble 
existing  TbO’s  would  appear  to  be  a  realistic  t<iig*.t.  lint: 
Liitration  on  its  own  can  impart  well  worthwhii<-  improve-nie-nts 
and  can  readily  be  introducetl  by  rctiotit  action. 

This  paper  brietly  describes  the  backgrouno  research  and 
trials  (;xpe  r  1  t^nce-  that  led  to  tlie  a<lopti<jn  ol  i  in*.' 

tiltration.  Howi.ver,  the  littiiig  ol  such  a  unit  iti  itse-Li  is 

i  nsul' t  icient .  To  be  tully  eil«-ctiv«  it  is  irnpiiotive  that 
the  gearl^ox  starts  (  lilt-  in  the  cli.anest  possible' 
cf>rid  1 1  ion .  To  achieve  t  h.  i  s  tloes  m*.-an  revising  standariJ 

production  m*‘th(iils. 

H('iicoptei  t  ran‘-,ni  ss  ion  work  han  leacr.ed  an  interesting  stag* 
in  itii  eve>lution  in  ttiat  res«an.-li  c<imple-t*.d  o'uring  the  ias' 
15  years  in  m^w  being  api-Jied.  TBO's  could  be  pliaseci  out 
within  ill'  f''’rseable  luture-  and  geaiboxe-s  tall  into  tlie  "Fit 
and  F(jrget'‘  category  wliere  they  belong. 


INTkODC'.'TlON 


It  IS  not  always  a|.[- r  »;c  i  a  ted  ju5;t  how  much  moie  imp<jitant  at»-  a  i  rwoi  t!i  i  cons  uJi.  i  a  I  ions 

ot  a  h»;  1  i  Cop  to  t  t  ransm  1  ss  lein ,  compared  with  ttiofie-  ol  an  itigitu.  An  engine  lailuie  is 
rarr  ly  more  than  an  embarrassment,  e-ven  in  siticjl*-  <  figin*.-  aiivtcJit,  wh<.r<a.s  a  heiicof  t'  r 
qearljox  taiiure  is  ‘-.erious  beconise  it  can,  so  rea<lily,  result  in  a  lataiity.  Vinail,  kt.  i 
1,  incUj<ies  a  tctirs  <.>i  airwortl  iness  .statistics  lelating  to  he- 1 1  coj  t(.' i'  1 1  ansm  i  ss  ion  .  Ttio 
f  ictuie  ta-  paints  i gloomy.  His  study  reveals  tliat  "  Ti  ansm  i  Sf.  i  on  and  Rotor  systems  make 

a  ma]or  cuntr  il;ut  ion  to  rotor  cratt  accident  rate  and  tl.at  impiovem<  nt  by  at  least  une- 

otder  would  be’  required  tor  rotor  cialt  to  achieve-  the  same  ie-vels  as  tixeil  wing 
a  i  r  c  r  a  1 1 .  " 

During  recent  ye-ars  attention  has  bee-n  locust.-d  on  the  high  costs  ol  vg*.rating  In  1  ictgtei  s . 
Again,  compared  with  tixed  wing  aircralt  the  price  that  has  to  hr  [aid  Joi  ttie  cunvenience 
of  vertical  flight  and  hover  is  so  high  that  the  civil  market  xs  no  whrre  n»ar  aj.g  ruacli  i  ng 
Its  potential  and  is  unlikely  to  do  so  until  overall  e*osts  can  be  subs  t  an  1 1  a  1  ly  recu'ed. 

Transmission  and  Rotor  systems  account  lf)r  much  ot  the  ajg.ai  e  tit  ly  higfi  costs  ol  o[.ei  ;ting 

a  helicopter.  It  seems  obvious  that  wire  it  practicable  to  inctease  TUU's  ot  t i ansm i ss ion 
assemblies,  to  bring  them  more  closely  into  line  with  cngitn.  [lacticr,  '.'  ly  woittiwliile 
savings  could  Ije  introduced. 

Although  TBO's  are  relatively  low,  a  surprising  higfi  {i<jji,rtiun  ol  1 1  anf.m  i  r.s  ion  assimblns 
suffer  early  failures  anu  have  to  b-e  removed  prr-matuiejy  le  MTBl;'s  are  low  in  lelation  to 
TBO's.  Unscladuled  failures  are  invariably  disruptive  ,ina  <  xpe  t.s  i  . 

Impro\  jd  reliability  of  transmission  leading  tf.>  larger  'I'Bd's  and  MTBR's  aiong  wjih,  mcj.-.t 
importantly,  «’nhanc</d  airworthiness  would  appi.-ar  to  la.  an  ess'ntial  t<agi  t.  It  is  n'.l  t  li'. 
intf-nt  of  thi.s  (;ap»'r  to  fres^.nt  d»-lajJ»-rl  cost  analyses,  «-v«’r!  wi  i  *  full  fai.is  ft' 


DISCISSION 


A.Watteeuw,  Be 

( 1 )  Whal  is  the  experience  with  the  results  from  different  meih<»ds:  ISO.  DIN.  A(iMA  (l  or  I  leri/um  contact  prcsMire 
and  tooth  root  (bending)  strength)? 

(2)  Are  your  programmes  still  vahd  when  the  \alue  t>f  the  factor  I-,  exceeds  2  * 

(.^)  Do  you  take  account  of  the  surface  roughness  on  the  flanks  and  rtuMs  of  the  teeth  in  your  programmes  foi 
calculating  Hert/ian  contact  resistance  and  tiioih  r<>ol  (bending)  strength. 

Author's  Reply 

( 1 )  I  he  results  obtained  by  the  different  methods  show  some  diflerences.  notably  m  the  manner  in  which  the  diitercni 
materials  and  (heat)  treatments  are  handled,  l-or  e.xample.  the  minding  lieatmeiUs  are  handled  ditterenily 
following  the  specifications  used.  Determination  of  life  is  also  handled  differently,  notably  for  surface  pressure.  As 
concerns  the  factors  related  to  geometry  of  the  mesh  some  differences  ean  also  show  up.  Oencrallv  these 
ditferenees  are  small. 

( 2 )  When  I:,  exceeds  the  value  2.  the  programme  follows  the  indie.ilions  ol  the  normal  criteria.  Discussions  should 
rather  hear  on  the  validity  of  the  normal  entena  for  this  case,  hor  the  dynamic  factor  k,  of  the  ISO  method  the 
elf  eel  of  \alues  of  the  factor  b.,  is  >  2  is  taken  into  account. 

{})  I  he  values  of  surface  roughness  on  the  flanks  and  roots  of  the  teeth  are  taken  into  account  In  the  programme.  ( )n 
the  <aher  hand,  no  indication  is  furnished  in  the  specifications  on  the  method  for  measuring  the  surface  roughness. 
Interpretalion  is  therefore  subicetive  and  no  limits  on  surface  roughness,  as  a  (uneiion  of  the  method  of  ftnishine 
and  of  the  dimensions  of  the  eomp<ifients.  is  provnleil. 


B.R. Reason.  I  K 

I)i>es  Vi»ur  programme  predict  the  localised  lemperatures  in  the  c<*nt.kt  /<»ne  »'n  the  basis  «>|  the  tlasti  temperature  of 
the  lubricant  aiul  the  likely  surface  finish  alter  running-in.’ 

II  so,  whal  scuffing  criterion  do  you  employ  and  what  experimental  verification  have  vtui  made  on  the  basis  of  testing 
work  and  field  experience  ’ 

Author's  Reply 

We  have  pul  mii)  our  programme  both  the  integral  temperature  method  and  the  method  tif  flash  tempetature.  The 
eor relations  helween  (he  results  of  these  calculations  and  the  examples  of  scoiing  in  industrial  applications  are  difficult 
to  establish  at  present  I  h«.  experts  of  I  (  VUI  at  IS( )  are  iliseussing  tornuilalion  ol  a  future  of  method  t'f  ealeulation  that 
could  be  used  mternatiiinally .  Also  the  programmes  which  we  have  developed  in  this  area  are  utilised  .it  (1  I  I M.  but 
thev  have  not  been  eonimerei.iltseil  «nilside  use  at  this  time  I  hat  would  be  dangerous' 
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Lee  d^veloppements  rapides  des  moyens  do  CAQ  ot  DAO  et  leur  utilisation  dans  les  tjuroaux  d'(^dijdt*s  dc 
m^canique  permettent  un  gam  de  temps,  de  performances,  et  de  fiahilitt?.  Oanr;  an  aicfur  prochc,  Ic;; 
liaisons  entre  banques  de  donndes,  outils  de  conception  et  outils  de  production  renducs  accc*:.;.itjlt*‘.  a 
tous,  permettront  de  s’affranchir  des  IScheG  de  calcul  proprement  dit  pour  dormer  a  I'esprit  dc  cication 
sa  veritable  dimension. 

Le  logiciel  CA.D.QR.  n'a  pas  la  pr<Stentior»  de  fournir  actuellement  tous  les  6K‘ments  utiles  i  un  intieriicu:' 
de  bureau  d'6tudes.  II  marque  cependant  une  premiere  ^tape  de  l'(5\/olution  des  technicjues  actuelles  de 
conception  dans  le  domaine  des  engrenages. 


Qui  peut  utiliser  CADOR  BASIC  ? 

CADOR  BASIC  a  ele  conQu  pour  aider  les  ingemeurs  et  techniciens  de  bureau  d  eludes  a  cafculer  les 
engrenages. 

Son  emploi  ne  necessite  pasdeconnaissance  particuliere  c-n  mformaiique  II  iibcre  le  proietcir  des  cal- 
culs  fastidieux  et  lu«  permet  d'exercer  piememeni  sn  creativite  et  son  saver  ^aire 

Les  resuUats  qui  lu<  sont  fournis  lui  permettront . 

-  de  donner  des  indications  precises  a  l  ateher, 

-  de  fournir  au  commercial  certatnes  donneos  Ires  utiles. 

-  de  rediger  plus  facilemeni  les  notes  de  caicut  gui  sont  de  plus  en  plus  souvent  demandees 


CADOR  BASIC 


FIGURE  1 


Hi-4 


L'omploi  de  materiaux  avec  traitemenf  de  durcissement  superficiel  peut  donner  lieu  <5()alenieri1  6  deo 
vt^rif ications  concernant  1 '(^paisseur  de  la  couche  traittfc  et  lea  valeurs  de  durett^  au  aeiri  de  cette 
couche. 

I  es  principales  fT\(§thodea  noimalioees  el  d’pfnploi  internal lonal  soot  : 

-  Log  normes  AHHA 

-  Les  normea  ISO 

-  Les  normes  0I\ 

Hicn  souv/cnt,  le  choix  de  la  mdf  hode  e>sl  dict^e  par  le  client  dont  1 '  expdrierice  aver  utilisatinn  de  I'une 
d'entre  elles,  lui  facilite  les  comparaisoos  entre  r^sultats.  En  effeti  certaines  differences  peuvent 
apparaitreau  niveau  dea  rdouitats  entre  les  diff^rentes  nx^thodcs.  Elies  sont  dues  (jdndralement  k  des 
divergences  dans  la  prifie  en  compte  des  paramfrtres  d'influence  et  notammcnt  le  comportement  en  fatigue 
des  materiaux. 

Le  coricepteur  a  besoin  d'avoir  un  ^uentail  de  programmes  pour  utiliser  les  methodes  les  plus  adapt^es 
au  cas  traite  et  effectuer  des  comparaisons  avec  des  appareils  existants;, 

Onns  les  normes  AEflA,  la  mi^thode  gen^rale  210*01  est  une  revision  r^cente  des  anciennes  normes  210. (]2, 
211.02,  220. 02»  221,02.  Dans  cclte  normi*,  les  fascicules  d'application  correspondants  h  des  utilisatiuns 
turn  sppcifiques  des  cncjrenagcs  sont  utilises  de  pr^f^'-ence  ^  la  noi  :ie  gdn^rale. 

Le  projet  de  norme  g^n^rale  ISO  (DIS  6536)  comprend  3  mdthodes  do  bane  dont  la  complexity  cst  fonction 
de  la  precision  d^sir^e  sur  le  rysultat.  Des  fascicules  d'applications  spycifigues  existent  ^golement 
autoniobiie,  marine,  mais  ocule  la  nor«T»e  gynyrnle  fait  foi  en  cas  de  litige.  Les  normes  d'applicatiunt> 

spu-cifiques  s*#carlont  assez  lorgement  de  la  norme  g^n^'rale. 

La  norme  DIS  3990  est  asse^  proclie  de  la  norme  ISO  dans  sa  conception  main  prth>ente  quelques  differences'. 

,  facteur  de  forme  Yf  pour  los  dentures  hdl icoldalen 

.  lacteuc  de  correction  de  la  pression  Zn  entre  le  point  primilif  et  le  point  de  plus  bas  contact  unique  W. 
vpour  ion  pignons  de  moins  de  20  dents). 

La  norme  DIN  possfede  ygalement  plusicurn  degrys  <le  complexity  suivant  lo  prycinion  recherchye. 

In  franco,  la  norme  AFN-Olt  r23015  correspond  ^  la  restriction  de  la  norme  ISO  pour  los  cnqrcnaqes  de 
myennique  genyrale.  La  vitosse  iinyaire  doit  ft  re  inf^rlcurc  5  50  m/s  el  la  largeur  de  denture  no  peut 
exeyder  deux  fois  le  diamytre  primilif. 

L '  appLictit  ion  de  ces  diffyrentes  mythudes  df  calcul  <»  un  excmple  concret  est  extrymi'ment  difficile  si 
on  ne  dispose  pas  d'un  moyen  informatique  sur  loquel  cos  programmes  sont  memorises,  I]  ;>uff  it  de  quelques 
minutes  au  io(}iciel  CA.D.OO.  pour  ddterminer  la  puissance  transmissible  par  un  enyrenage  selon  I’uno 
quelconque  de  ces  mythodes.  Crdce  b  cette  aide  il  est  possible  de  repondre  rnpidement  y  des  appelii  d'offres 
(cf  figure  12). 


rONCTPTIUN  ASSlOTfL  PAR  QRDlNATlim  (C.A.O  Pydurteurs) 

L)i  le  calcul  automatique  de  la  yyomytric  et  du  dimensionnenent  des  e'ntjrenages  est  un  Element  important 
dc  la  conception  des  ryducteurs,  les  autros  orgones  mycaniquefi  contenus  dans  ces  matyriels  doivent 
('fjalcment  ytre  dyterminy.s  par  calcul.  C’esl  le  cas  pour  les  roulcments,  les  arbres,  les  corps  de  roue, 
Icf;  carters.  Les  diffyrents  types  de  liaison  entre  orqanes  nyccssitont  aussi  den  calculs  :  frettage, 
cannelures,  clavettes,  collage. 

1 'Evolution  rapide  den  locjiciels  de  dessin  sur  ycran  ct  sur  table  traqante,  ainsl  que  I'accbs  h  des 
Ijanqucs  dc  donnyen,  donne  au  coniepteur  dea  outils  Irys  performants  qui  permettent  d(‘  faire  la  synthyse 
simuUaneo  de  nombreuncr,  informations  et  de  I  emtre  ainsi  vers  une  ryalisation  opt  imiaye. 

If.  tr.'ivaux  artueln  sur  le  logiriel  CA.O.UP.  portent  sur  le  couplage  avec  den  programmes  dc  conception 
annitPe  par  ordinateur  et  de  densiti  assiste  par  ordinateur,  appliquys  aux  ensembles  ryducteurs.  Par 
f-xcmplf,  une  syric  dc  dessin*;  de  rnrlers  de  bane  sont  stockys  sur  un  fichler;  le  programme  rappelle  I'uti 
I'eux  y  1 'ycran  pour  que  le  concepteur  puisse  y  apporter  les  modifications  tenant  compte  du  cahier  des 
f Marges  (fixation,  encombrement ,  position  par  rapport  h  I’environnement ' .  le  dessin  du  nouveau  cartf'r 
peui  alorc,  At  re  obtenu  sur  table  Ira^ante  immydtatement , 

Nou'v  avonc;  reproduit  sous  forme  d'orejanigrarnme,  la  structure  d'un  ensemble  de  "I'onrept  ion  Assisiye  par 
Urdinateur"  telle  f}uc  noun  la  concevons  pour  la  rdalisation  d'ensemblcn  reducteurs  nu  mult ipl icateurs 
de  vitenne  ayant  de  la  puissance  b  Iransmettre  (cf  figures  13  et  1^), 
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De  plus  en  pius  de  realisations  industrielles  de  c/rande  performance  ndceouitent  iu  correi  t  ion  dei.  denturcG 
des  enqrenarjes,  en  fonction  de  ia  vilesse  de  rotation,  do  niveau  de  charoc,  et  cleu  df^forrnat  ions  des  pi6ceo 
en  f onct ionnement . 

Ces  corrections  peuvent  6tre  : 

Transversaies  ;  -  d^pouille  de  ISte 

-  d^pouille  de  pied 

Lonqitudinales:  -  bombd  de  denture 

-  d^pouilles  d’extrfimit^ 

-  correction  d'hdiice 


a/  Corrections  longi t udinaies 

Cbaque  liqne  d’arbre  de  la  chaine  cin6matique  ^tudide  peut  §lre  mise  en  equii.ore  stat ique , sous  1' act  ion 
dea  efforts  provenant  des  orqanes  moteur  el  resistant,  et  la  reaction  sur  ses  appuis. 

La  structure  est  discr^tisde  par  la  mdthode  des  dl^ments  finis  par  le  programme  CA.5T.0R,  falcul  des 
Structures  par  Ordinateur)  mis  au  point  ao  CrilH,  Les  paliers  seront  mod^lisi^s  par  des  rondilions  Je 
blocage  approprides  el  les  efforts  aox  encjrfenements  sont  appliques  dans  los  trois  directions  de  I'l'spHUf 
(cf  figure  7) 

Les  efforts  sont  d^composds  par  le  pro'jramme  en  sf^rie  de  Fourie*-  et  la  solution  pour  la  cidformce  de 
i'arbi'p  dans  n'importe  quel  plan  eyt  obtenue  par  recomlunaicon  des  r<‘sultats  correspondont  s  i  chaque 
harmonique. 

lo  conna issance  de  ia  d^^formd'e  stalique  dc  chaque  arbre  pcrmel  dc  localiser  les  points  uu  ia  puifer 
des  dents  est  prf^ponddranto.  Par  difference  alqt'bngue  des  ddpJoccmcnts  &  ebaque  evtrf'mitt?  de  la 
denture,  dans  le  plan  radial  et  tanqentiel,  on  met  en  dvidcnce  lea  surplus  de  moli^rc  et  ia  corioct jon 
^  effectucr  pour  obtenir  une  repartition  optimale  de  la  charge,  (cf  rj<3ure  n  et 

(jencMalement ,  on  reporte  toulcs  les  deformations  sur  le  pignon  ct  seui  celui-ci  est  corrig^  fi  lo 
rectification  en  donnant  une  forme  bomlide  ^  la  denture  h  i'aide  d’une  came  ou  en  modifiant  lpq^^e^let!t 
1 'anqJe  d'hdlicc.  Cette  operation  pr^sente  en  outre  J'ovantaije  <le  reprendre  les  deformations  dues  au 
trait.ement  thermique. 

Le  programme  CA.D.OP.  tient  compte  de  cette  correction  pour  le  colcui  clu  facteur  de  port(f‘e  longitudi- 
nale. 


b/  Corrections  Iransversales 


I'n  cnqrenaqe  avec  des  dents  b  profjJ  en  d^veloppante  est  une  t  ranjimission  homoc  int^l  ique ,  1 '  en(l^^f"M'lcrlt 
des  prol  ils  conjuguf'S  se  faisant  thdoriquement  sans  chocs.  Prat iquement  ,  ^  cause  des  er  reurs  de  c  u, 
et  de  profil  ot  &  cause  de  la  flexion  des  dents  sous  charge,  il  y  a  choc  b  la  prise  d'en(ir6nemer,' ,  , 'nx 
qui  est  b  i'oviqine  de  bruit  et  de  variation  dynamigue  de  la  cliarfie. 

le  but  est  de  minimiser  ce  choc  en  adoucissant  la  prise  d'engr^nemenl .  Le  module  de  gi'ornr*  r  le  df- 
CA.D.OH.  a  permis  de  connaitre  la  position  des  points  correspondant s  ^  la  limite  du  contact  utuqui  . 
Ces  points  repdrds  sur  la  denture  par  les  lottres  I'  et  W  permettenl  de  definr  ia  part  c  du  pud  il 
concernfie  par  la  df^pouille.  La  dj^pouille  de  t^te  esl  compriu.  entre  le  point  I  et  le  i  n  t  it  qr 
tdte  du  piqnon.  La  valeur  dc  la  d^pouille  normale  au  profil  est  obtenue  b  part  ir  du  ciiliul  df  la 
ririiditC'  d'une  paire*  de  dents  conjuquf*es,  de  la  charrie  appliqut^c  et  des  er.eurs  de  pan  it  I  i  lurf 
10  et  1,1). 

Le  piijnon  etant  seul  df*pouill<^,  on  reporte  la  valour  tht^oriquo  do  ia  ddpuuille  de  tf'te  utdi-iuif  sur 
le  profil  de  la  roue  conjuqui^e,  sur  lo  pied  de  la  denture  du  pit|non.  La  d^pouille  de  pied  sut  le 
pifjnon  est  comprise  entre  Jc  point  V/  et  le  rayon  actif  de  pied. 

Les  corrections  en  ddpouille  sont  prises  en  compte  par  le  pro(|rammo  rA.D.Uli,  pour  le  calcul  du 
facteur  dynamigue  ^  condition  quo  la  qualitc^  do  I'engrenatje  soit  au  moms  "i  1 5IJ  1  5d[J  . 


UIMI \51U\NLMr\T 

Les  miHhodes  de  dimen;;jonnemcnt  des  enqrennyes  sont  basoes  sur  la  verification  do  5  ci  it^ieu  d>' 
rf“'.i  r;t  anre  : 

-  la  resistance  b  la  fafujue  de  flexion  en  pied  do  defit 

-  Lit  I '’s  1 ‘.t  anc-c  b  l.'»  <  :il  ujuc  de  pression  sur  los  flancs  de  donl 

-  I  ;i  r<'smtar>ce  au  'jrippaije 

/our  fi’r/ijjns  types  d’entjif'f  iH«jr‘ ,  <tps  irHAres  ite  rf^sist.ancp  staliquf*  peuvent  (^»iaJt‘mefi(  efre  l  id- ;  /  if's. 


the  author.  Improved  a i rworthiness  would  tend  to  tollow  trom  better  reliability,  so 
attention  is  focused  on  cost  effectiveness  ot  increasing  TBO's  and  MTBR's.  Possible 
savings  are  considered  on  a  broad  basis  to  provide  an  indication  only  in  order  to  ensure 
that  what  appears  obvious  can,  in  fact,  be  realised. 


CURRENT  POSITION 

Gearbox  TBO's  tend  to  be  about  1000  hours  for  military  and  2000  hours  for  civil  operation. 
This  difference  results,  in  part,  from  the  less  exacting  roles  involved  in  c.vil  aviation, 
coupled  with  the  fact  that  pilots  are  more  mature.  In  many  cases  civil  maintenance  is 
superior  to  military.  TB0*s  are  increased,  mainly,  on  the  strength  of  operating 
experience  and  this  is  acquired  at  a  considerably  h)h_t  rate  in  the  civil  field.  (1500 
against  300  flying  hours  per  annum).  Because  ot  the  many  differences  between  civil  and 
military  performance,  for  convenience,  only  the  latter  will  be  considered.  It  must, 
however,  be  borne  in  mind  that,  today,  both  initial  and  maintenance  costs  of  a  military 
helicopter  are  only  a  fraction  ot  the  total  fully  equipped  cost. 

Following  the  introduction  ot  a  new  model,  a  failure  pattern  is  established  at  an  early 
stage  ot  operation  and,  always,  there  is  one  component  part  that  holds  back  a  TbO  uplift. 
Frequently  this  is  a  bearing  and  the  question  arises  as  why  not  introduce  a  moaitication 
to  increase  the  life  of  that  bearing?  In  the  past  the  incentive  to  fund  sucl.  mouiiication 
action  has  not  been  particularly  strong.  The  manutacturer  cannot  guarantee  the  success  OL 
any  Iteration  and  this  particularly  applies  to  bearings.  The  Services  tend  to  provision 
tor  s.  ires  early  on  in  the  life  of  a  new  helicopter  when  actual  or  predicted  TBO's  are 
relatively  low.  The  result  is  that  once  having  purchaood  an  adequate  supply  ot  spare 
gearboxes,  fewer  of  the*se  would  be  required  following  an  increase  in  TBO.  Hence  the  lack 
of  incentive  to  support  modification  action  aimed  purely  at  increasing  TBO's.  Cynics  will 
claim  that,  equally,  it  pays  the  manufacturer  to  keep  TDO’s  low.  Certainly  in  the  cost 
conscious  and  competitive  climate  ruling  today  such  a  claim  would  be  difficult  to 
substantiate. 

In  recent  years  the  position  has  been  some  what  different  in  that  the  Services  are  keen  to 
see  the  introduction  ot  longer  TBO's.  What  then  should  the  target  TBO  be  for  a  military 
helicopter?  If  a  realistic  level  be  reached  then  TBO's  would  be  phased  out  as,  indeed,  is 
likely  to  be  the  case  as  more  reliance  can  be  placed  on  effective  monitoring.  300  hours 
flying  per  annum  appears  to  be  a  general  mean  figure.  Prudence  suggests  that  a  gearbox 
should  be  opened  up  on  a  calendar  basis  for  internal  inspection,  The  period  would  vary 
with  environment  but,  possibly,  one  ot  6  years  duration  would  be  reasonable,  say,  the 
'■quivaiont  ot  5  years  flying  ie  1500  hours.  It  would  be  convenient  for  the  period  to 
coincide  with  a  complete  overhaul.  There  are  occasions  when  an  extended  TBO  would  prove 
useful  and,  hence,  one  set  at  2500  hours  should  be  more  than  adequate. 


FUTU  RJi  _R_EQ_U  I REMLNTS 

On  accepting  a  requirement  tor  a  2500  TOO  the  aim  must  be  that  ail  gearboxes  attain  at 
least  1500  without  tailurc.  Removal  on  the  proposed  calendar  basis  would,  in  practice, 
place  transmission  in  the  'Fit  and  Forget’  category,  apart  from  a  minimum  oi  routine 
maintenance.  It  would  appear  to  be  wholly  realistic  to  bring  about  an  increase  in  gearbox 
TBO's  from  1000  to  2500  hours,  with  no  relaxation  in  re i labi 1 1 ty ,  give  a  MTBH  uL  at 
least  1500  hours.  Note  that  in  the  present  context  TBo  times  are  genuine  and  exclude  the 
need  to  change  a  part  during  a  TOO  period  it  this  involves  gearbox  removal. 

Before  considering  how  best  to  tackle  the  problems  associated  with  increasing  TBO’s, 
attention  should  be  given  to  the  cost  et  lect  iv<.*noss  of  such  action. 


COST  EFFECTIVENESS 

A  tew  years  ago  an  independent  cost  study  was  made  to  ascertain  whetiier  worthwhile  savings 
would  result  t rom  an  uplift  of  50%  in  transmission  TBO's.  Conclusions  reached  were  that 
estimated  savings  were  so  laig«.‘  that  any  expenditure  necessary  to  achieve  the  upiiit  would 
be  of  i  ns  ign  i  f  leant  projKjrtion.  Details  ol  the  study  are  not  available  lor  publication. 

We  can,  however,  obtain  an  idea  ot  the  dimension  ot  costs  involved  from  publishi.d 
lite>rature.  From  Refs  2  and  3,  income  derived  from  tiie  sali;  ol  spares  amounts  to  l,etween 
40  and  50%  ot  total  sales  in  tiie  helicopter  division  le  ap[-rox  ima  te  ly  l  1 UO  ,  OUU ,  000 , 
correcting  tor  inflation.  If  the  spares  service,  say,  1000  helicopters  then  the  annual 
cost  per  helicopter  will  be  some  1:100,000.  The  size  ot  vehicle  ranges  tiom  large  to  small 
so  this  figure  is  proliably  representative  ot  the  medium  size  military  lieiicoptii  tiecause 
civil  spares  r  e-qu  i  rement  s  would  have  been  low  during  the  years  consiuered.  We  can  now 
quantify  costs  very  approximately  as  being  LiOO  per  flying  fic  ui  lor  spaies  aloni'. 
Transmission  spares  would  account  tor  a  fait  proportion  ol  IJiis  hourly  total.  tor  pii.sent 
purposes  it  will  suftice  to  note  that  whatever  tfje  actual  t  igure  may  fje ,  it  will  be 
sulficiently  large  to  ot{e*r  ample  scope  for  a  reduction  to  t>e  wortliwhile.  Of>viously 
iatiour  costs  and  caj^ital  investment  would  also  be  reauceil  by  enhanced  reiiaf^iiity  anu 
extendt'd  TBO's.  The  value  to  be  attached  to  improved  a  irwoi  tti  i  ness  is  a  mattei  ot 
con3ecture  but  can  be  regardc-d  as  an  additional  bonus. 
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WAYS  OF  INCREASING  TRANSMISSION  TDQ’S 

A  gearbox  that  is  tree  ot  design  and  production  deficiencies  will  eventually  tail  t rum 
fatigue  and  wear.  To  obtain  a  respectable  TBO  it  is  necessary  to  minimise  both  ot  these 
damaging  mechanisms.  Bending  and  torsional  fatigue  lives  must,  ot  course,  be  in  excess  ct 
the  target  TBO  and  then  the  problem  falls  within  the  realms  ot  Tribology.  In  the  past, 
rolling  fatigue  has  been  the  main  concern  with  respect  tc  long  lives  but  more-  recently 
wear,  initiated  by  micro  cracking  and  micro  pitting,  is  causing  problems,  especially  as 
wear  rates  can  be  extremely  high.  The  trend  towards  the  use  ot  lighter  oils  is 
responsible  tor  such  wear.  Fretting,  as  a  form  of  wear,  can  be  designed  out  in  most 
locations  excepting  lubricated  splines. 

The  requirement  to  operate  on  a  gas  turbine  oil,  understandable  as  it  may  be  from  a 
logistics  viewpoint,  does  constitute  a  handicap.  Such  oils  are  unsuitable  for  gearbox 
operation  and,  although  they  are  extensively  used,  the  price  paid  is  high.  TbO's  and 
MTBR’s  are  lower  than  need  be  and  the  cost  of  ovc'rhaul  higher.  Scuffing  can  rcaaily  arise 
and  it  is  the  norm  to  find  micro-  pitting  and  spline  wear  at  overhaul.  Refs  4  and  5  show 
that  when  operating  with  a  suitable  gear  oil  neither  spline  or  scuffing  is  likely  to 
arise.  This  claim  has  been  fully  substantiated  by  running  fatigue  tef-*^5  in  main  ano  tail 
gearboxes. 

To  achieve  longer  TBO's  and  che*aper  overhauls  demands,  as  a  first  step 

a)  modification  action  to  design-out  known  weaknesses  and 

b)  the  use  of  a  suitable  transmission  oil. 

The  question  now  arises  as  to  whether  this  alone  is  sufficient.  It  is  difficult  to  answer 
such  a  question  but  an  indication  can  be  obtained  from  basic  reliability  concepts. 
Consider' a  gearbox  with  a  total  ot  25  major  gears  and  bearings.  For  an  assembly  life  ot 

2,500  hours,  each  item  must  have  a  life  of  25  x  2,500  =  62,500  hours.  Individual 

lives  are  more  likely  to  be  in  the  5/10,000  hours,  even  it  the  gears  are  cleared  for 
infinite  life,  and  so  it  is  necessary  to  look  for  an  order  of  magnitude  incrc<»se  in  lives. 
Being  realistic,  it  has  long  been  realised  that  such  basic  statistics  are  not  necessarily 
borne  out  in  practice.  It  has  been  demonstrated,  for  example,  tliat  a  bearing  failure 

could  be  expected  in  a  main  gearbox  every  flight.  Fortunately  this  does  not  happen. 

Nevertheless  it  can  be  concluded  that  substantial  increase  in  individual  component  life  is 
a  firm  requirement.  A  conventional  approach  ot  added  weight  and  use  ot  more  sophisticated 
materials  can  generally  be  ruled  out.  Hence  an  alternative  approach  has  to  be  sought. 

High  wear  rates,  even  under  conditions  ot  nominally  pure  roiling,  can  be  inauced  to  order 
in  the  laboratory,  at  stresses  below  design  maximum,  when  using  a  5  c.St  oil.  Oils  that 
conform  to  Eng.R.D.  2497  display  a  pronounced  surface  temperature  distress  gap  because, 
essentially,  they  rely  upon  o.p.  reaction  to  provide  protection.  Rot  6.  The  combination 
of  low  oil  film  thickness,  and  hence  low  \  va^ue,  and  only  modest  o.p.  reaction  at  medium 
temperatures,  leads  to  tensile  residual  stresses  in  asperities  following  plastic 
deformation,  microcracking,  detachment  ot  particles  from  the  extreme  surface  layer  and, 
hence,  rapid  wear.  Friction  between  colliding  asperities  is  a  dominant  feature  through 
the  generation  of  large  traction  forces  at  discrete  points  in  the  surface.  Excessive  wear 
in  gear  flank  profiles  is  sometimes  cxpotiencod  in  helicopter  gearing  applications,  Fig  1 
from  Ref  6.  Anti-wear  additives  in  the  oil  can  alleviate  this  problem.  Likewise  fretting 
in  lubricated  surfaces  can  be  eliminated  by  the  choice  ol  appropriate  anti-  oxidant 
additives.  Scuffing  need  never  arise  if  gears  and  bearings  are  suitably  lubricated.  A 
gear  oil  complete  with  an  efficient  additive  package  will  give  longer  roiling  fatigue 
lives,  again,  through  a  reduction  in  traction. 

Extensive  accelerated  testing  is  a  helicopter  gearbox  suggests  tliat  the  adoption  ot  an 
appropriate  oil  would  enable  suitably  designed  and  manufactured  gearboxes  to  reach  a  2,500 
hour  TBO.  Why  then  not  simply  change  to  a  more  effective  oil  to  reap  tlie  benefits  ot 
substantially  reduced  operation  costs.''  Maybe,  in  practice,  there  is  no  need  to  consider 
any  further  action  -  we  simply  do  not  know.  What  we  do  know  is  that  there  is  a  limit  to 
conditions  that  any  oil  will  tolerate  and  that  these  conditions  can  be  exceeded  locally  in 
helicopter  gearboxes.  This  especially  applies  at  the  upper  limit  of  ambient  temperature 
when  deflections  are  large  and  dilterential  expansion  between  materials  is  at  a  minimum. 

Consider  a  typical  semi-log  S/N  curve.  At  operating  stresses  the  £ loi e  ol  ttie  curve  is 
very  low  and,  accordingly,  only  the  equivalent  ot  a  small  reduction  in  stress  is  required 
to  increase  life  by  an  order  ol  magnituae.  A  change  in  oil  could  well  bring  about  a 
6-fold  increase  or  more,  but  it  will  require  only  the  equivalent  o*  a  small  increase  in 
stress  to  lose  tins  gain.  To  achieve  an  increased  life  witfi  ample  margin  means 
re-locating  the  curve  at  a  higher  stress  level.  The  oil  can,  in  fact,  do  this  by 
minimising  surface  damage  through  the  formation  ot  chemical  films,  but  tlie  degree  of 
improvement  is  temperature  sensitive. 

In  ail  forms  ot  fatigue  testing  the  condition  ol  the  specimen  sunace  is  critical.  A  well 
finished  specimen  will  require  relatively  high  stresses  to  cause  taiiurcs  but  the  presence 
ot  a  minor  scratch  will  lower  a  S/N  curve  appreciably.  In  the  cose  ol  rolling  tatigue 
surtace  topfjgtaphy  will  change  with  time  and,  following  the  running-in  period,  the  surface 
will  tend  to  deteriorate  with  time,  in  anything  other  than  lull  film  conditions. 

Helicopter  transmission  steels  will  exhibit  an  endurance  limit,  the  level  ol  which  will 
depend  upon  the  state  of  the  surfaces,  and  so  the  endurance  stress  level  will  tend  to 
become  less  with  time.  It  is  frequently  claimed  that  endurance  limits  do  not  apply  in 


rolling  fatigue.  This  is  not  so  -  it  is  its  value  that  is  varying  with  time.  This  can  be 
seen  by  applying  strain  energy  concepts  to  combine  reverse  bending  and  reverse  torsion 
fatigue  results  to  provide  a  theoretical  rolling  fatigue  S/N  curve.  In  all  cases 
pronounced  knuckles  will  be  apparent  in  a  log/log  S/N  curve.  Experimental  confirmation  is 
available  where  it  can  be  demonstrated  that,  with  a  full  film  and  freedom  from  debris 
penetration  within  the  contact,  pitting  can  be  prevented  completely  within  practical 
testing  times.  The  message  is  clear  that  to  raise,  or  to  prevent  the  lowering  ct,  the  S/N 
curve  it  is  necessary  to  protect  the  surfaces  and  prevent  as  much  damage  as  possible.  The 
rolling-in  of  debris,  and  consequent  plasticiy  formed  dents,  is  a  prime  cause  of  surface 
deterioration.  Accordingly,  it  can  reasonably  be  predicted  that  the  introuuction  of  fine 
filtration  will  result  in  much,  increased  lives,  brought  about  by  the  S/N  curve  being 
located  at  a  higher  stress  level. 


EFFECTS  OF  FINE 

The  influence  of  filtration  level  on  rolling  clement  bearing  life  was  studied  in  some- 
detail  a  few  year  ago,  Ref  7.  Prior  theoretical  studies  suggested  that  debris  shape  was 
important  as  this  will  determine  whether  deformations  between  trapped  debris  and  the 
bearing  tracks  will  be  elastic  or  plastic.  Only  the  latter  will  be  damaging.  For  this 
reason  the  use  of  artificial  contaminants,  such  as  fine  dust,  was  ruled  out  on  the  grounds 
of  completely  different  shape  and  modulus  of  elasticity.  Debris  was  generated  in  a  gear 
machine  and  confirmed  as  being  representative  of  that  found  in  a  helicopter  gearbox. 
Overall  results  are  shown  in  Fig  2,  the  curves  being  based  on  Weibull  lines  obtained  from 
sample  sizes  of  10  minimum. 

It  will  be  noted  from  Fig  2  that  lives  are  related  to  absolute  filter  rating  in  the  3  to 
40/<m  range,  the  approximate  power  being  -  2/3.  Under  conditions  ot  the  test  that  rate  of 
improvement  fell  off  as  filtration  level  was  reduced  below  3/um.  As  these  conditions  wor  • 
reasonably  representative  of  helicopter  gear  and  bearing  contacts  it  was  concluded  that 
there  was  little  need  to  fit  filters  finer  than  3yum  to  the  gearbox.  The  increase  in  B50 
live  was  broadly  as  predicted  from  rather  basic  theoretical  considerations. 

A  result  of  interest  is  that  initial  running  for  30  mins  with  a  40yum  filter  before 
changing  to  a  3yum  unit  resulted  in  a  life  only  little  better  than  obtained  with  a  40yU  m 
filter  throughout.  In  other  words,  irreversible  damage  was  incurred  during  the  initial 
running.  This  observation  suggests  that,  in  practice,  much  ot  the  advantage  to  be 
obtained  from  tine  tiltration  will  be  lost  unless  the  gearbox  is  built  to  a  high  standard 
of  cleanliness.  Results  from  the  Fort  Rucker  trials.  Ref  4,  could  be  interpreted  as 
providing  evidence  to  contradict  the  above  observation.  It  is  reported  that  the  titting 
of  3M.m  filters  to  transmissions  that  had  previously  been  running  under  40^  m  tiltration 
produced  satisfactory  results.  These  results  relate  to  qualitative  assessments  ot 
component  condition  at  strip,  rather  than  ultimate  lives.  The  advantages  to  be  derived 
from  3yu  m  filtration  were  not  being  realised  in  full  and  this  makes  the  conclusions  so 
very  encouraging.  It  must,  ot  course,  be  accepted  that  laboratory  evaluations  ot  the  type 
undertaken  should  not  be  interpreted  literally.  A  reasonable  conclusion  to  that  work  is 
that  substantial  increases  in  TBO  could  be  anticipated  and  the  Fort  Rucker  experience 
certainly  supports  the  claim. 

Analysis  of  the  laboratory  results  provide  an  insight  into  the  damaging  influence  01 
debris.  Fig  3  suggests  that  below  a  certain  size, particles  will  simply  pass  through  the 
contact  without  causing  damage,  where  as  larger  particles  reduce  lives.  The  similarity 
between  the  influences  ot  surface  roughness  and  filter  rating  can  be  seen  by  comparing 
Figs  2  and  4.  This  would  suggest  that  the  damaging  mechanism  is  similar,  but  not 
necessarily  the  same,  in  both  cases.  From  Figs  5  and  6  it  would  appear  that  the  Weibull 
slope  variation  with  both  roughness  and  filter  rating  is  also  similar  and  this  tends  to 
support  the  foregoing  suggestion. 

From  an  S/N  obtained  prior  to  the  filter  rating  evaluations  the  expected  life  for  a  given 
stress  is  predicted.  The  life  subsequently  obtained  with  40^  m  filt.ation  can  be  related 
to  a  stress  level.  The  same  duration  life  will  require  a  much  increased  stress  tor 
failure  with  3yu.m  filtration.  By  presenting  results  in  terms  of  'Equivalent  Loaa’,  which 
IS  analogous  to  a  weight  handicap  in  racing  terms,  it  can  be  seen  from  Fig  7  that  the  loaa 
would  have  to  be  increased  some  6-fold  with  3^m  filtration  to  give  the  same  liie  as  tor 
40^  m  tiltration.  Thus,  as  originally  predicted,  the  eftect  of  finer  filtration  is  to 
reduce  the  rate  of  degradation  ot  the  S/N  curves.  By  protecting  the  surfaces  from  debris 
induced  damage,  rolling  fatigues  lives  can  be  increased  with  an  ample  margin  in  stress  ana 
this  points  the  way  to  increase  TBO's  reliability. 

The  smaller  helicopter  gearboxes  such  as  those  associated  with  the  tail  rotor  drive  are 
usually  splash  lubricated.  Often  the  TBO's  ot  these  gearboxes  exceeds  that  ot  the 
corresponding  main  gearboxes.  Is  there  then  any  teal  need  tor  filtration?  At  overhaul 
the  bearing  tracks  in  the  these  small  gearboxes  are  usually  covered  with  debris  dents  yet 
the  lives  appear  to  bo  unaffected.  The  reason  tor  this  is  that,  in  f 1 igh t , transmi t ted 
torque  through  the  tail  system  is,  mostly,  only  a  fraction  ot  design  maximum.  Thus,  other 
than  tor  short  periods  the  bearings  arc  over-designed,  and  tend  to  sutter  accordingly  from 
skidding,  but  can  accommodate  surface  deterioration  because  ot  the  low  mean  stresses. 


11-5 


I 


It  IS  often  the  case  that  one  or  more  bearings  are  responsible  for  holaing  down  TBO's. 
Although  this  factor  influenced  the  choice  of  bearings  for  studying  the  influence  ot 
filtration,  the  results  are  equally  applicable  to  gears  and  also,  tor  different  reasons, 
to  seals.  Seal  failures  arise  too  frequently  and  are,  on  occasions,  responsible  tor  the 
low  MTBR's  recorded.  The  ingress  of  debris  into  a  seal  is  a  ma:)or  cause  for  lailure. 

With  lip  seals  debris  beds  into  the  'Rubber*  which  then  acts  as  a  lap,  heats  up,  hardens 
and  cracks.  With  face  seals  perfectly  made  and  running  true,  theoretically  a  separating 
oil  film  cannot  be  generated.  Minor  imperfections,  such  as  surface  waviness  and 
misalignment  ensure  the  presence  ot  an  adequate  oil  film  ot  sufficient  dimension  to  allow 
the  ingress  of  debris,  the  presence  of  which  can  cause  quite  rapid  surface  deterioration 
and  seal  failure. 

In  the  U.K.  it  is  not  the  practice  to  change  gearbox  oil  between  overhauls.  The  condition 
of  the  oil  often  leaves  much  to  be  desired,  especially  as  a  result  of  water  contamination, 
Ref  9.  One  conclusion  reached  from  the  Fort  Rucker  trials  was  that  3 /*  m  filtration  would 
enable  oil  life  to  be  extended  from  300  to  1000  hours.  It  can  be  expected  that  fine 
filtration  will  generally  prove  beneficial  in  maintaining  the  quality  ot  the  oil. 


FUTURE  DEVELOPMENTS 

Looking  further  ahead  no  externally  located  filtration  systems  can  help  with  respect  to 
the  first  pass  of  internally  generated  debris.  The  damaging  size  range,  for  any  contact 
conditions,  is  relatively  narrow  -  too  small  and  it  passes  through  and  too  large  it  is 
diverted  to  one  side.  Work  is  proceeding  to  relate  this  size  range  to  operating 
conditions  and  to  develop  finishing  processes  that  will  minimize  the  generation  ot 
damaging  size  debris. 

Although  in  the  laboratory  evaluations  the  rate  ot  life  improvement  tell  ott  at  tiitration 
levels  below  3yu  m  some  benefit  was  still  being  derived  right  down  into  the  sub  micronic 
regions.  This  is  understandable  when  a  represrntativc  thickness  ot  oil  film  separating 
asperities  is  only  0.0125yum  (0.5  JA  ins)  and,  indeed,  it  may  I'-gically  be  argued  that 
filtration  should  bo  aimed  at  such  very  small  dimensions.  However,  in  practice,  it  would 
seem  probable  that  chemical  films  provide  more  protection  than  do  the  micro  E.H.D,  oil 
films  at  that  level.  A  case  can  nevertheless,  be  made  for  polishing  the  oil  and  sub 
micronic  particle  extraction  may  well  be  sought  in  the  future.  For  the  present,  and 
immediate  future,  3ytxm  filtration  is  a  practical  level  for  which  filter  units  ate  readily 
available.  Experience  could  show  routine  oil  polishing  at  predetermined  intervals 
throughout  a  TBO  to  be  desirable.  This  would  complement  3^m  filtration  ano  its 
introduction  would  present  few  problems.  Similar  processing  is  already  applied  to 
Hydraulic  fluids.  What  is  by  no  means  clear  is  whether  the  removal  ot  submicronic 
particles  can  be  achieved  without  degradation  ot  lubricating  pertormance.  A  portectly 
clean  oil  that  will  not  lubricate  until  is  has  become  re-contaminated  ofiors  little 
attraction.  Impuries  play  a  role  in  the  action  ot  certain  additives.  Little  is  known 
about  the  mechanisms  involved  but  studies  are  now  in  hand. 

The  need  for  better  "House  Keeping”  practice  in  the  manufacture  ot  transmission  has  been 
acknowledged  by  the  author’s  company.  Stops  are  being  taken  to  ensure  that  completed 
gearboxes  are  reasonably  free  from  debris  contamination  and  that  the  generation  of  debris 
during  the  running-in  period  will  be  minimised.  Only  experience  will  determine  how  tar  it 
is  necessary  to  go  to  prevent  an  ingress  of  dirt.  Present  thinking  is  that  full  clean 
room  conditions,  as  applied  by  hydraulics,  will  be  unnecessary.  Studios  into  optimising 
finishing  operations  after  machining  are  underway  and  these  relate,  also,  to  bought-in 
items  such  as  bearings.  Much  work  remains  to  be  done  but  progress  to  date  is  encouraging. 
It  is  interesting  to  note  that  this  particular  operation,  costly  as  it  is  to  introduce, 
could  well  result  in  lower  costs  tor  a  superior  product. 


CONCLUSIONS 

It  seems  to  be  agreed  generally  that  stops  should  be  taken  to  reduce  costs  oi  ownership  ot 
helicopters  and,  at  the  same  time,  improve  reliability  and  a  it worth ines .  Maintenance  ot 
transmission  accounts  for  a  fair  proportion  ot  overall  costs  and  results,  to  a  degree, 
from  low  TBO's  and  even  lower  MTBR's.  Action  is  required  to  increase  TbO's  ana  bring 
MTBR's  up  to  the  same  level,  or  that  of  removal  based  on  calendar  conditions  ie  no 
unscheduled  removals.  TBO's  ot  2500  and  5000  hours  tor  military  and  civil  helicopters 
respectively  would  be  re  siistic  targets,  with  scope  for  advancing  civil  ones  to  750U 
hours.  Eventually  TBO's  are  likely  to  be  phased  out  as  more  contidence  is  placed  on 
monitoring  techniques. 

If  a  gearbox  be  brought  up  to  a  standard  whereby  TBO’s  are  limited  by  Tribological 
consideration  only,  such  as  pitting,  scuffing  and  wear,  to  include  fretting,  then  evidence 
exists  to  suggest  that  these  problems  can  be  overcome  by  substitution  ol  a  suitable  oil. 
The  position  will,  however,  remain  marginal  unless  means  are  introducoa  tor  more 
effectively  maintaining  a  good  surface  finish  on  contacting  surfaces  and  this  can  best  be 
achieved  by  fine  filtration,  following  a  clean  build  standard.  Fine  filtration  on  its  own 
will  effect  a  worth  while  improvement  but  have  little  influence  on  scutting  and  tretting 
ot  lubricated  surfaces.  Micropitting  will  remain  a  problem.  Even  it  such  problems  do  not 
already  arise  within  a  1000  hour  TBO's,  will  the  same  be  true  at  2500? 
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Cost  savings  cannot  be  quantified  in  this  paper  and  it  can  only  be  ciai.nicd  that  they  could 
be  very  substantial  indeed.  The  introduction  ot  tine  filtration  could,  it  is  cont id ic-ntly 
predicted,  pave  the  way  tor  helicopter  transmissions  to  be  placed  in  the  'Fit  and  Forget' 
category  to  which  they  rightly  below. 
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DISClfSSION 


RJ.Drago,  US 

Fine  filtration  is  more  complex  in  a  system  point  of  view.  Why  not  simply  use  a  higher  viscosity  oil  to  prevent  damage  to 
surfaces  while  making  no  other  changes  to  the  system? 


Comment:  R.Battles,  US 

C  ommercial  helicopter  operators  use  better  lubricating  oils  than  the  military  to  achieve  time  between  overhauls  tw  ice  or 
greater  than  military  TBO's. 


Planet  Wheels 


Load  Capacity  of  Cages  of  Roller  Bearings  for 

Prof.  Dr.-Ing.  F.  Jarchow  and  Dr.-Ing.  P. 

Ruhr-University  Bochum,  Germany 


Hoch 


Summary 


In  planetary  gears  the  rotation  of  the  planet-carrier  generates  forces  of  inertia,  which 
can  cause  fatigue  failuresof  the  cages  in  roller  bearings  of  planet  wheels.  By  means  of 
computer  routines  forces  of  inertia  and  counter  forces  as  well  as  stress  resultants, 
nominal  stresses,  stress  concentration  factors  and  stress  gradients  are  calculated  for 
bearing  cages  of  various  design.  Yield  strength  and  fatigue  strength  of  samples  of  cage 
material  are  determined  experimentally,  and  fatigue  stress  diagrams  for  cages  of  different 
shape  and  material  are  worked  out.  The  thus  calculated  safety  factors  against  fatigue 
failure  are  confirmed  by  test  runs  of  bearings  on  a  test  bench.  The  results  of  the  in¬ 
vestigations  are  summed  up  in  easily  applicable  charts. 


1 .  Introduction 


In  addition  to  tooth  forces  and  forces  of  inertia  caused  by  the  rotation  relative  to  the 
planet-carrier, planet  gear  bearings  are  subject  to  other  forces  of  inertia,  which  are 
generated  by  the  rotation  of  the  carrier.  These  additional  forces  of  inertia  strain  the 
rollers,  the  raceways  and  to  a  great  extent  the  cages  of  the  rollers.  Thus  it  is  possible 
that  the  life  time  of  the  bearings  is  not  limited  by  fatigue  of  rollers  or  races  but  by 
fatigue  fractures  of  the  cages,  in  this  treatment  there  will  be  presented  a  method  for 
calculating  the  load  capacity  of  cages. 


2.  Types  of  bearings  and  cages 

The  cages  of  cylindrical  and  spherical  roller  bearings  usually  have  two  rings  connected 
by  beams.  The  rollers  are  placed  in  the  pockets  between  rings  and  beams  and  guide  the  ca¬ 
ges  axially  and  tangentially.  In  radial  direction  the  cages  are  guided  either  by  some  of 
the  rollers  or  otherwise  by  the  outer  or  the  inner  rings  of  the  bearings.  The  former 
kind  of  radial  guidance  is  called  roller  Guidance  and  the  latter  is  called  ring  guidance. 

Different  cage  designs  are: 

-  sheet  metal  cage 

-  massive  cage 

-  riveted  cage 

Usual  materials  are: 

-  steel 

-  brass 

-  aluminium 

-  plastics  (synthetic  material) 

A  sheet  metal  cage  is  shown  in  figure  1  and  characteristic  details  of  usual  massive  cages 
are  shown  in  figure  2  and  3  and  of  riveted  cages  in  figure  4  and  5  as  examples. 
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Figure  6;  Forces  of  inertia  at  the  planet-gear  bearing 

Constant  angular  velocities  assumed,  the  accelerations  a  41n  and  a  41c  cause  the  constant 
radial  forces 


dF^  =  PU  ^"41  ^  2 


41  ‘10' 


(1) 


(2) 


(3) 


and  the  acceleration  a  lOn  cause  the  forces  of  variable  magnitude  and  direction 


(4) 


(6) 


The  forces  are  applied  at  the  centers  of  gravity  S  of  cage  beam,  S  of  cage  ring  element 
and  S  of  roller, 
w 

Figure  7  shows  a  segment  of  the  cage  k  and  the  roller  w  with  the  force  of  inertia  F  w 
caused  by  the  acceleration  a  I0n.  An  x-y  coordinate  system  is  applied  which  is  fixed  to 
the  planet  carrier  with  its  origin  in  the  center  of  the  bearing. 

The  force  F  w  is  resolved  into  the  components  F  ws  directed  on  the  beam  and  F  wr  on  P  14 
F  wr  like  F*  w  acts  on  the  outer  bearing  ring  and  has  no  Influence  or.  the  load  of  the 
cage.  F  ws  is  resolved  into  the  components  F  wsy  and  F  wsx.  The  sum  of  all  components 
F  wsx  Is  either  negligible  or  zero.  With  the  mass  ra  k  of  the  cage  and  with  the  centre 
■Jistance  a  of  the  planetary  gear  follows  the  sum  of  all  components  in  y-dlrection 

"fly  =  '“lo  ^  "V  "  ^fwsy  (7) 


•F  iy  acts  either  on  the  bearing  rings  or  on  the  supporting  rollers,  depending  on  the 
type  of  cage  guidance. 


TF  iy  can  be  calculated  approximately  and  is  then  called  F  q.  With  the  number  of  rollers 
z  w  follows 
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Fi.iure  7;  Forces  of  inert  :•*>  nctin'-?  on  -h^.‘  caoe 

It  is  advantageous  to  use  a  relative  sur.  of  forces  of  inertia  of  cacc  an-j  rollers  to  ob¬ 
tain  a  nondimcnsional  ropresert  at  ion .  Fividino  K  <t  fror  cq .  <81  by  the  rr.odulus  of  elasti¬ 
city  E  and  the  cross  sectional  area  A  r*  of  a  cane  rina  r  i  aives  th<'  n:;>nil mens lona  1  acco- 
lorat lor 


The  force  F  g  as  a  function  of  a  lOn  causes  supporting  forces,  which  depend  on  the  typo 
of  cage  guidance. 


If  the  cage  is  guided  by  rollers,  the  supporting  force >  act  between  the  supporting  rol¬ 
lers  and  the  beams.  The  nu-mber  of  supporting  rollers  and  the  magnitude  of  the  supporting 
forces  depend  on  the  cage  ol.^aranc^  and  elasticity. 

If  the  cage  is  guided  by  the  bearing  ring,  there  is  a  supporting  pressure  between  the 
cage  rings  and  the  guiding  ring  of  the  bearing.  The  pressure  distribution  is  inf lu'vno''  i 
by  the  cage  clearance  and  the  cage  elasticity  as  well.  Sol  itl  state  contact  and  hydr.'dyria- 
nic  contact  are  discerned. 


4.1  Ring-guidance 

There  is  a  solid  state  contact  between  the  caao  rings  and  bearing  ring,  if  the  anaular 
velocity  .  41  is  too  small  to  generate  a  hydronanic  pressure.  For  calculating  the  suppor¬ 
ting  pressure  of  solid  state  contact  an  ovguivalont  ring  as  shown  in  figure  8  is  used. 

This  is  the  model  of  a  caae  guided  by  the  outer  ring;  cages  guided  by  the  inner  ring 
arc  treated  in  a  similar  way. 

The  equivalent,  ring  of  the  cage  is  represented  by  the  centre  O  r  and  the  radius  r  r.  It 
IS  displaced  from  the  centre  of  the  bearing  O  L  about  r,  which  is  half  of  the  radial 
cage  clearance  S  '>■  .  The  caao  thus  contacts  the  ring  of  the  bearing  at  point  II.  The 
equivalent  ring  has  the  cross  sectional  area  A  r  and  furthermore,  mass  and  elasticity. 

The  acceleration  of  a  nass-element  '  mr  causes  the  distributed  loads  q  rt  (f)  and  q  rr 
(f).  These  loads  effect  the  tangential  deflections  v  ,  the  radial  deflections  w  ('^) 
and  the  rotations  tf  (f) .  Because  of  the  properties  of  symmetry  only  half  of  the  ring  is 
taken  into  account  with  a  guiding  at  point  I  and  a  fixed  end  i  point  II.  Within  th.c 
angle  max  the  ralial  deflections  of  the  equivalent  ring  w  ('f)  are  limited  by  the  cir¬ 
cular  outline  of  the  bearing  ring  with  it.s  radius  r  1 .  At  the  point  'f  i  for  example  the 
possible  deflection  is  h  j  (‘^).  The  curvatures  cf  the  equivalent  ring  and  the  outer 
bearing  ring  are  identical  within  the  angle  of  contact  •  max. 

Finite  beam  elements  are  used  to  calculate  the  angle  of  contact  -  max  and  the  pressure 
distribution  between  the  rings.  The  calculated  pressure  distributions  within  the  ancle 
•  max  in  a  cylindrical  roller  bearing  2309  E  MPA  subjected  to  300  and  600  tines  the  acce¬ 
leration  due  to  gravity  g  arc  plotted  in  the  figures  9  and  10. 


9:  300  g  Figure  TO:  ^  600  g 

Figaros  9  and  10;  Supportina  pressurt's  of  solid  state  contact  under  various  accelerations 


Hydrodynanic  pressure  needs  high  relative  speed  of  the  planet  gear.  The  cage  then  night 
be  supported  by  an  oilfilm  between  the  rings  of  cage  and  bearing.  However,  traces  of  wear 
on  the  ringsin.iic.it-'  rixod  fri-ction,  when  there  are  high  accelerations  a  lOn  .  Therefore 
the  supporting  pressure  distribution  of  solid  state  contact  is  used  to  calculate  the 
cage  loads. 

With  usual  relative  speeds  of  planet  gears  a  supporting  hydrodynanic  pressure  is  genera¬ 
ted  only  at  slow  speeds  of  the  planet  carrier.  In  these  cases  the  acceleration  a  lOn  is 
insignificant  tor  fatigue  failure  of  the  cage.  If  wear  must  be  avoided  (1)  describes  a 
method  to  calculate  a  safe  acceleration  a  lOn  for  a  given  minimal  oilfilm  thickness. 

4.2  Roller-guidance 

A  roller  guided  cage  with  the  beams  S  and  some  rollers  w  is  represented  in  figure  11. 

The  rollers  run  on  the  raceways,  which  are  not  shown  in  the  figure  11,  in  a  distance 
r  w  from  the  centre  of  the  bearing  0  L.  The  forces  of  inertia  caused  by  the  accelera¬ 
tion  a  lOn  make  the  rollers  and  the  cage  move  away  from  P  07.  The  centre  of  the  cage  0  K 
is  displaced  about  e  a  in  y-directlon  so  that  the  beams  S  1,  S  2  and  S  n  contact  the 
rollers  w  1  and  w  n. 

The  single  supporting  forces  F  we  1  and  F  wen  raise  at  the  edges  of  the  beams.  They 
counter-balance  the  forces  of  inertia  of  the  cage  and  the  rollers.  The  total  forces  of 
the  rollers  F  wgl  and  F  wqn  are  ?  '!«*<>Potric  sun  of  tho  single  unoorting  forces  F  we 
ind  are  taken  bv  the  inner  r )  no  of  tV.*‘  bearing. 

The  forces  of  inertia  and  the  supporting  forces  that  act  on  the  cage  cause  clastic  de¬ 
formations  of  the  cage  rings.  A  radial  deflection  of  the  beams  makes  the  rollers  turn 
aside  in  tangential  direction.  If  the  clearance  S  wa2  or  S  wij  between  the  roller  w  2 
or  w  j  and  the  outer  or  inner  edge  of  the  beam  is  used  up,  this  roller  supports  the 
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and  alternatively  to  the  diaqrans  B  in  the  charts  the  safety  factor  aqainst  fatin 
lure  is 


0,2  'B 


2 


Table  2  is  an  index  of  ail  charts  and  contains  all  necessary  data  to  calculate 
and  S  D  according  to  the  eq.  (J2),  (33),  (34)  for  given  bearings.  The  material 
of  plastics  are  valid  for  a  temperature  ot  0  -  23<^C  and  a  relative  moisture  cf 
r  can  bo  taken  from  figure  28. 


Table  2;  Strengths  of  cage  materials  and  factors  to  calculate  safety-factors 
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The  safety  factor  against  fatiejue  failure  in  diagram  B  of  chart  l  and  2  for  tlio 
cal  roller  bearintrs  23  E  I^PA  and  2  3  MA  -  nee  taiile  1  No.  1  and  No.  2  -  docroase? 
sliohtly  with  Increasing  acceleration  faot-rs.  Ther**for<‘,  deviating  (T 
safety  factor  S  D  >  1,3  is  f>ermi:»siblc. 

Ttie  stresses  and  safety  factors  in  iriuirt  3  for  the  cylindrical  rcl  Ko  bi'ariruis  . 
-  sec  table  1  No.  3  -  with  a  riveted  cage  arc  vali<l  for  critical  cross  soctic>ns 
spigots.  The  graph  of  the  safety  factor  <‘f  the  ring  is  i-lo»  t»-d  in  diagram  B  too. 
K  a  “  1,9  the  safety  f<ictor  of  the  ring  is  less  than  the  safety  factr'r  of  the  r: 

The  experiments  with  roller  bearings  23  E  MAG  according  to  2  lo!  •<;  fatigue  : 
of  spigots.  Further  experiments  slit'wed  that  loosening  of  the  riveted  rings  can  c 
oven  if  the  acceleration  a  10n  is  rclati\'e  small.  To  prevent  the-  l0'.'s«.-n  i  ng  of  a 
ring  tiie  -.-ondition  S  b  >  2,3  for  the  rivetc'tl  spi<?ots  shc')ulJ  l.e  '4-serve<!. 
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In  eq.  (29)  u-  pi  means  the  angular  velocity  of  a  planet  wheel  relative  to  the  planet 
carrier . 

Often  the  ring  gear  of  a  planetary  gear  set  is  fixed  at  the  housing.  In  such  cases  is 
K  .  =  O.  With  K  u)  =  0  the  safety  factor  against  fatigue  fracture  of  the  critical  section 
can  be  taken  from  diagram  B  depending  on  the  acceleration  factor  K  a.  K  w  affects  only 
the  mean  stress,  which  has  only  a  little  influence  on  the  permissible  alternating  stress. 
-Jherefore  the  diagramm  B  can  be  used,  even  if  K  u  /  O*  The  error  is  less  than  5  if 
vm/5r  va  <  0,5  and  S  D  =  2. 

The  safety  factor  on  the  ordinate  of  diagram  B  in  the  charts  5,  6  and  8  for  roller  guided 
cages  of  bearings  with  the  dimension  numbers  23  ECP,  3  ECP  and  23  E  JP1  -  No.  5,6  and  8 
in  table  1  -  is  divided  by  a  correcting  factor  K  S.  This  correcting  factor  depends  on  the 
bore  diameter  and  can  be  taken  from  table  C. 

The  material  strength  of  plastics  is  influenced  by  temperature  and  moisture,  in  the  charts 
5,6,7  and  9  for  bearings  with  the  dimension  numbers  23  ECP,  3  ECP,  23  ECPA  and  223  ESTVPB 
-  No.  5,6,7  and  9  in  table  1  -  this  influence  is  consider'd  by  the  condition  factor  i. 

This  factor  can  be  taken  from  figure  28  as  a  function  of  the  temperature  ^  and  the  rela¬ 
tive  moisture  J.ln  normal  air  of  23*^0  and  SO  %  relative  moisture  the  plastic  material 
used  for  cages  is  able  to  absorb  uo  to  1,9  %  moisture.  This  however  may  take  some  100 
days  since  molding. 

The  material  strength  and  the  modulus  of  elasticity  as  well  decrease  with  raising  tempe¬ 
rature  and  moisture.  In  the  charts  an  approximately  constant  ratio  of  material  strength 
and  modulus  of  elasticity  is  assumed. 


Figure  28;  Condition  factor  ^  of  plastics  depending  on  the  relative  moisture  j  and  the 
temperatur  D 

In  the  chart  6  for  cylindrical  roller  bearings  23  EJPl  with  sheet  metal  cages  -  No.  0 
in  table  1  -  the  condition  factor  is  set  to  0,56.  The  factor  r  here  takes  into  account 
the  decrease  of  material  strength  caused  by  the  plasticly  deformed  beads  that  hold  the 
rol lers . 

With  the  nondimensionai  stresses  *  vm  and  ’  va  from  the  diagrams  A  in  the  charts  the 
stresses  ■  vm  and  o  va  are  calculated  according  to  eg.  {22),  (2i),  With  ■  vm  and  '  va  the 
safety  factor  against  forced  rupture  Is 


1 


(32) 
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Figure  27;  Modified  stress  :  S  of  cage  plotted  against  the  nondimen sional  acceleration 
a  1 0n 

In  the  charts  diagram  A  represents  the  nondimen sional  equivalent  mean  stress  vm  and  al¬ 
ternating  stress  va  as  a  function  of  the  acceleration  factor  K  a  and  the  angular  velo¬ 
city  factor  K  ,w.  The  real  maximum  mean  stress  *  vm  and  the  real  maximum  alternating 
stress  '  va  of  the  endangered  point  in  the  critical  section  are  obtained  by  multiplying 
the  nondimensional  ,stress  with  the  stress  factor  K  •  -  taken  from  table  C  -  and  the  acce¬ 
leration  a  lOn  -  a,  so  that 
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The  acceleration  factor  K  a  is  calculated  with  the  bearing  factor  K  L  from  table  C: 

.  .  '10^^ 


The  angular  velocity  factor  K  .  is  given  by- 


in  case  of  rotating  inner  ring  with 
F 

‘41  *  Ml  E^P 

and  in  case  of  rotating  outer  ring  with 
E 

‘'4  1  "  ‘'31  E-»F 


In  the  eq .  (26),  (27)  E  is  the  diameter  of  the  raceway  of  the  outer  ring  and  F  is  the 
diameter  of  the  raceway  of  the  inner  ring.  Simplifications  leads  to 


with  the  outside  diameter  D  I.  and  the  bore  diameter  d  1.  of  the  bearing 
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in  case  of  rotating  inner  ring  gives 
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The  maximum  stress  in  ring  guided  cages  usually  occurs  at  point  3  of  the  critical 
section  of  the  ring  -  see  figure  18  It  was  found  that  the  influence  of  1  sg/r  r  and 
b  r/r  r  can  be  neglected,  as  far  as  the  dimensions  are  practically  useful. 

On  the  countrary  the  nondimensional  acceleration  a  lOn  and  the  relative  cage  clearance 
V  =  Ar/r  r  have  a  great  effect  on  the  nondimensional  alternating  stresses  at  the  endan~ 
gered  point  3,  The  results  of  the  calculations  with  various  k  lOn  and  v  indicate  a 
correlation  of  these  two  parameters.  In  figure  26  the  nondimensional  alternatina  stres¬ 
ses  a  ar3  are  plotted  against  the  quotient  of  nondimensional  acceleration  ^  lOn  and  the 
cage  clearance  v  for  various  relative  heights  of  the  ring  h  r/r  r.  The  relative  height 
of  the  ring  has  only  a  little  effect  on  the  nondimensional  alternating  stress. 


Figur^e  26:  Nondimensional  alternating  stress  J  ar3  at  the  endangered  point  3  in  a  ring 
section  of  a  ring  guided  cage  plotted  against  the  quotient  of  nondimensional 
acceleration  a  I0n  and  the  relative  cage  clearance  i*-  for  various  relative 
heights  of  the  ring  h  r/  r  r 

A  cage  of  plastics  was  used  as  base  of  the  studies  of  roller  guided  cages.  Such  cage 
are  used  increasingly  in  all  types  of  cylindrical  roller  bearings  because  of  low 
costs,  easy  installation,  and  safe  guiding  of  the  rollers. 

The  influences  of 

-  relative  heights  of  the  beam 

-  relative  length  of  the  beam  1  _/r^ 

sg  r 

-  relative  width  of  the  ring  ^r^*^r 

on  the  maximum  equivalent  alternating  stress  that  occurs  at  point  2  of  the  cross  section 
of  the  beam  -  see  figure  17  -  were  investigated. 

The  result  of  the  studies  of  roller  guided  plastic  cages  is  a  modified  stress  r  S  that  is 
plotted  against  the  nondimensional  acceleration  a  lOn  in  figure  27  for  a  relative  ring 
width  b  r/r  r  =  0,1. 

The  nondimensional  equivalent  alternating  stress  at  point  2  of  the  critical  cross  section 
of  the  beam  -  see  figure  17  -  is  approximately  by  given 
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K  rb  means  the  factor  of  ring  width. 

For  the  roller  guided  plastic  cages  of  the  cylindrical  roller  bearings  23  ECP  and  3  ECP 
-  <^66  table  1,  No.  5  and  6  -  k  rb  1  can  be  assumed. 

.1.2  Charts  to  determine  the  load  capacity  of  bearings 

The  results  of  the  studies  of  ring  and  roller  guided  cages  are  summed  up  in  easily  appli¬ 
cable  charts.  The  approximate  geometric  similarity  permits  a  nondimensional  representa¬ 
tion. 


The  functions  plotted  In  the  charts  that  are  used  to  determine  stresses  and  safety  factors 
of  the  endangered  points  are  based  on  nondimensional  shape  and  load  factors.  The  nondi¬ 
mensional  shape  factors  are  mean  values  within  the  bearing  dimension  series.  Effects  on 
stresses  and  safety  factors  caused  by  the  deviations  from  the  mean  values  are  considered 
by  factors  that  depend  on  the  bore  diameter  No..  Nine  charts  heln  to  select  roller  bea¬ 
rings  from  table  1  considering  their  lead  limits. 


1  ^-1  ^ 


determination  of  the  critical  operating  condition  that  causes  fatigue  failure  the  load 
was  reduced  step  by  step  until  no  failure  occured. 


1 1 .  Results 


The  results  of  the  tests  are  shown  in  figure  24.  The  limits  of  acceleration  a  lOn  of 
bearings  with  the  bore  diameter  No.  09  are  plotted  as  multiples  of  the  acceleration  due  to 
gravity  g. 


Figure  24;  Limits  of  centrifuqal  acceleration 

1)  taken  from  (2} 

2)  taken  from  (4) 

The  sufficient  conformity  of  theorie  and  experiments  is  shown  in  (1).  Figure  25  for 
example  presents  a  test  bearing  2309  MA  with  a  broken  comb-rina.  The  fracture  adjacent  to 
the  beam  was  predicted  by  the  calculation. 


Figure  25;  Cylindrical  roller  bearing  2309  MA  with  fatigue  fracture  of  the  comb-ring 


11.1  Influence  of  different  parameters  on  nominal  stresses 


The  influence  of  load  and  of  cage  design  on  nominal  stresses  was  studied  by  variating  the 
input  data  of  the  computer  program.  Just  the  characteristic  factors  that  have  an  influen¬ 
ce  on  the  endangered  point  of  the  cage  were  variated.  in  ring  guided  cages  the  cross  sec¬ 
tion  of  the  ring  -  see  figure  18  -  is  usually  the  critical  one,  whereas  in  roller  guided 
cages  the  cross  section  of  the  beam  -  see  figure  17  -  is  relevant. 


The  following  characteristic  geometric  factors  of  ring  guided  cages  were  variated  to 
study  their  influence  on  the  relevant  stresses  under  various  nondlmensional  accelerations 
cK  lOn  from  eq.  (9)  : 


-  relative  length  of  a  beam 

-  relative  width  of  a  ring 

-  relative  height  of  a  ring 

-  relative  radial  cage  clearance 


h  /r 


Ar/r^ 


These  factors  influence  the  distribution  of  the  supporting  pressure 
10  -  and  therefore  the  relevant  stresses  of  the  ring. 


see  figures  9  and 


n-i: 


factor  ,  which  will  be  explained  in  chapter  11.2 


9.  Safety  factors 


The  safety  factors  are  calculated  as  follows:  The  safetv  against  force  ruoture 


(t8) 


(19) 


(20) 


10.  Test  bench  and  experimental  research 


The  calculated  relevant  stresses  are  verified  by  experimental  research  on  a  test  bench 
by  simulating  working  conditions  and  loads  of  bearings  in  planet  gears.  Load  limits 
which  prevent  fatigue  are  the  results  of  these  tests.  The  calculation  is  verified,  if 
its  result  is  S  D  s  1,  with  the  experimentally  determined  load  limits  used  as  input 
data. 


A  scheme  of  the  test  bench  is  schown  in  figure  23. 
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The  planet  carrier  2  is  driven  with  a  V-belt  1  by  the  speed  variable  direct  current  mo¬ 
tor  Ml.  The  sun  gear  3,  meshing  with  the  olanet  gears  4  and  5  is  driven  by  the  speed 
variable  direct  current  motor  M2.  The  planet  gear  4  is  beared  by  the  test  bearings  6 
with  rotating  outer  rin-s.  Planet  gear  5  is  beared  by  the  test  bea-ings  7  with  rotating 
inner  rings.  The  centr.  ugal  forces  that  act  on  the  olanet  bearings  are  caused  by  the 
masses  8  and  9.  Support  bearings  10  are  placed  in  mass  8.  The  test  bearings  6  are 
loaded  by  the  mass  9  and  an  Intermediate  slide  bearing.  Centrifugal  masses  11  simulate 
the  tooth  forces.  They  act  uoon  the  masses  8  and  9  by  means  of  levers  12  and  plates  13. 
The  masses  11  can  be  exchanged  to  simulate  realistic  combinations  of  centrifugal  and 
tooth  forces. 

To  determine  the  load  limits  of  cages  endurance  tests  were  made  r.ntll  fatigue  failure 
occured.  In  high  speed  planetary  gears  scuffing  or  undue  wear  of  the  cages  in  the  nlanet 
bearings  are  possible  as  well.  This  wear  is  caused  by  mixed  friction  of  the  cage  rings 
and  the  bearing  ring,  if  the  cage  is  ring  guided.  Exesslve  loads  prevent  the  ge¬ 
neration  of  a  hydrodynamic  oilfilm  and  cause  solid  contact  of  the  rings.  For  an  exact 
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Figure  21 ;  Plane  model  of  a  cage  broached  from  solid  material  with  lines  of  equal  stress 


8 ,  Strength 

Figure  22  shows  a  Smith-diagram,  which  contains  limiting  values  of  the  alternating 
stresses  as  a  function  of  the  mean  stresses  taking  into  account  material  and  shape. 

This  diagram  is  based  on  material  strength  of  samples  of  cage  material  represented  by 
the  yield  strength  o  B,  the  0,2  %  proof  stress  o  0,2,  and  the  fatigue  strength  ZW.  If 
there  is  a  definite  begin  of  the  plastic  deformation,  the  yield  strength  o  F  is  used  in¬ 
stead  of  c  0,2,  The  factor  >5  0,2  respects  the  unequal  maanitude  of  stresses  and  the 
factor  ‘  W  the  stress  gradients  in  a  cross  section  and  both  are  deoendent  on  :  0,2  or 
?  F,  respectively,  j  ZW  is  determind  with  a  polished  sample.  Deviatina  values  of  '  ZW 
caused  by  a  rougher  surface  are  considered  by  the  factor  • .  For  a  detailed  explanation 
of  5  0,2,  ^  W,  and  «•  see  II)  and  13). 


Figure  22;  Limiting  values  of  alternating  stresses  as  a  function  of  the  mean  stresses 

The  limiting  value  of  alternating  Stress  o  Aj  is  a  function  of  ■'  m  =  ■  vmj  =  o  vmj  >  K. 

j  indicates  the  endangered  point  of  ring,  beam,  or  rivet. 

A  nondlmensional  Smith  diagram  Is  prefered.  The  nondimensional  strengths  are  defined 
similar  to  the  nondlmensional  stresses,  using  the  fictive  stresses  •  S,  r,  n,  g  accor¬ 
ding  to  eq.  (10)  and  furthermore  considering  the  stress  concentration  factor  i  K.  The 
nondimensional  Smith-diagram  can  be  obtained  with 
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The  material  strenghts  of  cage  and  samples  may  differ  because  nf  the  manuf actouring 
method  or  the  working  condition  of  the  bearing.  This  is  considered  by  the  condition 
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and  the  nondiinensional  alternating  stresses  are 


(12) 


The  nondimensional  equivalent  stresses  are  calculated  according  to  the  following  equa¬ 
tions 
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[1]  developed  a  computer  program  to  calculate  the  stress  resultants  and  the  nominal 
stresses  of  the  critical  sections  of  cages  of  roller  bearings  used  in  planet  gears.  Some 
results  for  various  cages  are  presented  in  (I). 


7.  Maximum  stresses  and  stress  concentration  factors 

The  deflection  of  the  lines  of  force  at  the  junction  of  ring  and  beam  or  beam  and  rivet 
causes  higher  stresses.  The  maximum  stresses  are  given  by  multiplying  the  nominal  stres¬ 
ses  with  the  stress  concentration  factor  a  Kj: 


K3  3 


(14) 


The  stress  concentration  factors  i  Kj  of  the  endangered  points  j  of  the  critical  sections 
of  beam,  ring,  and  rivet  are  not  easily  obtainable.  However  the  stress  concentration  of 
the  critical  sections  is  calculable  using  the  finite  element  method.  The  stress  concen¬ 
tration  factors  are  derived  from  the  comparison  with  the  nominal  stresses. 

The  exact  calculation  of  the  stress  concentration  factors  requires  a  three-dimensional 
idealisation  of  the  cage.  However  the  numerical  expenditure  for  such  a  finit  element 
model  would  be  far  too  great.  Therefore  an  idealisation  with  olane  elements  is  used.  A 
cage  segment  with  a  part  of  the  ring  and  a  part  of  the  beam,  as  shown  in  figure  20,  is 
analysed.  The  forces  F  r  and  F  s  acting  on  the  cage  segment  are  derived  from  the  calcu¬ 
lation  of  the  entire  beam  model  of  the  cage  -  see  figure  16  - 


Figure  20;  Beam  model  to  determine  stress  concentration  factors 

The  nominal  stresses  in  the  cross  section  A  r  of  the  ring  and  the  cross  section  A  s  of 
the  beam  are  calculated  applying  the  boundary  conditions  that  are  shown  in  figure  20. 

The  Gxternel  loads  calculated  from  the  beam  model  are  transfered  to  the  plane  model. 
Figure  21  shows  as  an  example  the  plane  model  of  a  caae  broached  from  solid  material. 
Expecially  the  radii  at  the  joint  of  ring  and  beam  are  considered  Dimensions,  loads 
and  boundary  conditions  of  the  plane  model  and  the  beam  model  are  identical. 


Lines  of  equal  stress  are  plotted  In  figure  21.  At  the  joint  of  ring  and  beam  there  is  a 
stress  concentration.  The  maximum  stresses  occur  in  the  ring  just  beside  the  radii.  The 
quotient  of  the  maximum  equivalent  stress  and  the  nominal  equivalent  stress  is  the 
stress  concentration  factor  a  .  In  this  examole  it  is  a  =  2,1. 
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Figure  18;  Segment  of  a  cage  and  stress  resultants  in  the  critical  sections  of  the  rings 

A  beam  of  a  cage  with  riveted  spigots  is  shown  in  figure  19.  The  critical  section  is 
its  joint  with  the  beam  with  the  height  h  n,  the  width  b  n  and  the  area  A  n.  The  origin 
of  the  x,y ,2-coordinate  system  lies  in  the  centre  of  gravity  S  n.  The  normal  force  and 
the  traverse  forces  F  ny  and  F  nz  act  on  the  rivet.  The  traverse  loads  in  y-  and  z-di- 
rection  are  assumed  as  triangular  distributed  loads  g  ny  and  q  nz  on  the  length  1  n. 

This  assumption  bases  on  experiences  of  [2),  who  found  that  rivets  loosen  before  brea¬ 
king.  In  this  case  the  beams  are  joined  with  the  comb  ring  at  one  end  only.  Beyond  that 
the  riveting  causes  a  better  contact  at  the  outer  edges  of  the  spigots. 


Figure  19;  Loads  on  a  spigot  with  rectangular  cross  section 

The  stresses  in  riveted  pins  -  see  figure  4  -  are  determined  using  the  same  assumptions. 


In  the  endangered  points  j  =  1,2, 3, 4  of  the  beam  s,  the  rivet  n  and  the  rings  r1,  r2,  the 
sum  of  all  the  nondimensional  normal  stresses  is  named  j,  and  the  sum  of  the  nondimen- 
sional  shear  stresses  is  named  j. 


To  obtain  the  real  stresses,  the  nondimensional  stresses  are  multiplied  with 


S,r ,n,g 


“10  ^  '"q  ^  Zi _ 

*S,r,n  *S,r,n 


(10) 


the  quotient  of  the  total  support  force  F  g  from  eq.  (8)  anu  the  cross  sectional  area  of 
a  beam  A  s,of  a  ring  A  r,  or  of  a  rivet  A  n. 

The  stresses  o  j  and  ^  j  of  beams,  rings  and  rivets  change  with  the  cage  rotation  relati¬ 
ve  to  the  planet  carrier.  This  rotation  is  discribed  by  the  angle  'f  .  The  nondimensional 
mean  stresses  are  calculated  from  the  maximum  stresses  ^  oj,  ^  oj  and  the  minimum  stres- 
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Figure  16;  Cage  idealised  as  a  structure  of  finite  beam  elements 

known  from  the  calculations  with  the  equivalent  ring  -  see  figure  8  -  are  used  as  boun¬ 
dary  conditions. 

When  calculating  the  stress  resultants  it  is  sufficient  to  consider  only  half  of  the 
cage,  because  loads  and  deformations  are  symmetrical. 

When  analysing  riveted  cages  -  see  figures  4  and  5  -  the  nodes  representing  the  riveted 
joints  of  ring  and  beams  are  assumed  to  transmit  only  forces  and  no  moments. 


6.  Nominal  stresses 


The  nominal  stresses  of  the  critical  sections  are  calculated  from  the  stress  resultants. 

The  critical  section  of  the  beam  is  at  its  joint  with  the  ring.  It  has  the  cross  section 
area  A  S  and  is  shown  in  figure  17.  The  origin  of  the  x ,y , z-coordinate  system  lies  in 
the  centroid  S  S,  The  stress  resultants  F  and  M  counterbalance  the  external  loads. 
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Figure  17;  Segment  of  a  cage  and  stress  resultants  in  the  critical  section  of  the  beam 

A  rectangle  of  the  same  area  with  the  height  h  s  and  the  width  b  s  is  used  to  calculate 
the  shearing  stresses  due  to  the  forces  F  sy ,  F  sz  and  the  torsional  moment  M  Sx.  1,  2,  3 
and  4  Indicate  the  most  endangered  points  of  the  section. 

The  critical  sections  of  the  rings  r  1  and  r  2  with  the  heights  h  r1,  h  r2,  the  width' 
b  r1,  b  r2  and  the  areas  A  r1,  A  r2  are  situated  just  beside  the  beam  as  shown  in  figure 
18.  The  origins  of  the  x,y,z-coordinate  systems  lie  In  the  centroids  S  rl,  S  r2 .  The 
endangered  corners  1  and  3  have  no  shear  stresses. 


The  cross  sectional  areas  of  rivets  may  be  circular  or  rectangular  as  well. 


The  total  support  forces  of  the  rollers  F  wgj  are  calculatecl  with  the  boundary  condi¬ 
tions  w  (tji)  =  w  ( =  O  for  the  supports  A  1  and  A  n  in  the  same  way  as  the  suppor¬ 
ting  pressure  of  the  solid  state  contact  was  calculated,  (see  4.1) 

In  figures  13  and  14  results  are  shown  of  a  cylindrical  roller  bearing  2309  E  CP 
-  see  table  1,  No.  5  -  with  the  cage  supported  at  the  inner  edges  of  the  beams.  The 
total  supporting  forces  F  wg  and  the  deformed  ring  of  the  cage  subjected  to  accelera¬ 
tions  a  lOn  of  50  and  100  times  the  acceleration  due  to  gravity  g  are  presented.  The 
limits  of  radial  deflections  are  set  by  the  circles  with  the  radii  r  I  an  r  II. 


under  various  accelerations  a  lOn 


5.  Stress  resultants  calculated  using  finite  beam  elements 


Figure  15  shows  the  segment  of  a  cage  with  the  rings  r  1  and  r  2  and  with  the  beam  S. 
x,y/Z-coordinate  systems  are  used  with  their  origins  fixed  the  centroids  of  the  cross 
sections  of  the  two  rings  S  ri  and  S  r2,  and  of  the  beam  S  S.  The  x-axis  is  directed 
axially,  the  y-axis  tangentially  and  the  z-axis  radially. 


There  are  6  stress  resultants  in  every  cross  section,  namely  the  forces  F  x,  F  y,  F  z 
and  the  moments  M  x,  My,  M  z.  They  are  caused  by  forces  of  inertia  that  act  on  the 
rings,  beams  and  rollers  (see  chapter  3)  and  supporting  forces  from  the  cage  guiding 
(see  chapter  4) . 


The  stress  resultants  are  calculated  using  finite  beam  elements.  These  elements  have  6 
degrees  of  freedom,  which  are  the  displacements  w  x,  w  y,  w  z  and  the  rotations  x ,  ^y, 
4?  z;  their  positive  directions  are  indicated  by  the  arrows  in  figure  15. 

For  an  easier  comparison  of  various  cage  dimensions  and  designs  the  nondimensional  forces 
F  =  F/(E  A  r1),  moments  M  =  M/(E  AR1  r  rl),  and  displacements  ^  =  W/r  rl  are  used,  r  r1 
means  the  radius  of  the  cenroidal  circle  of  the  ring  r  1 . 

The  cage  is  idealized  as  a  structure  of  straight  and  bended  beam  elements  as  shown  in 
f igure  1 6 . 

The  external  loads  and  ^  are  caused  by  forces  of  inertia.  If  the  cage  is  guided  by  rol¬ 
lers,  additional  supporting  forces  act  on  the  beams.  if  the  cage  is  guided  by  rings,  the 
cage  rings  and  the  bearing  ring  contact  within  *  max.  The  radial  deflections  that  are 
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cage  too. 

The  supporting  forces  in  figure  11  act  on  the  outer  edges  of  the  beams;  the  cage  excen- 
tricity  is  then  named  e  a.  There  are  analogous  cages  with  supporting  forces  acting  on 
the  inner  edges;  xn  this  case  the  excentricity  is  named  e  i. 


Depended  on  the  acceleration  a  lOn  the  supporting  forces  may  act  on  the  outer  as  woll  as 
on  the  inner  edges  of  the  beams. 

Similar  to  the  calculation  of  the  supporting  pressure  of  ring  guided  cages,  an  o jui'/alont 
ring  is  used  to  calculate  the  supporting  forces  F  wg  of  the  rollers. 

The  equivalent  ring  with  supporting  forces  acting  on  the  outer  edges  of  tlie  hoars  is 
shovm  in  figure  12.  The  mass  having  equivalent  ring  with  it's  radius  r  r  and  contio  '  r 
is  displaced  from  the  centre  of  the  bearing  O  L  about  o  a.  The  distributed  loads  ]  rt  ('^) 
in  tangential  and  q  rr  (t)  in  radial  direction  are  caused  by  the  acceleration  a  1'Jn  of 
the  mass-segment  A  mr.  These  loa^s  effect  deflections  v  (^f)  in  tangential  and  w  ('f)  in 
radial  direction  and  rotations  ^  {'f)  .  The  possible  deflections  in  radial  direction  h 
and  h  Ilj  are  limited  by  circles  with  the  radii  rl=rr-ea  and  r  II  -  r  r  •  o  i  at 
those  points  where  rollers  lie  momentarilv.  The  rollers  w  1  and  w  n  that  support  the 
cage  in  figure  11  are  idealised  as  supports  A  1  and  A  n  in  figure  12. 


F igure  1 2 ;  Equivalent  ring  of  a  cage  that  is  supported  at  the  outer  edges  of  the  beams 
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Table  C:  Cbaractertattc  factors 
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Chart  9;  Spherical  roller  bearings  223  ES  TVPB5  cage  injection  molded  of  plastics  and 
guided  by  the  inner  ring 
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Summary 

This  paper  embodies  an  overview  of  some  experimental  and  numerical  investigations  into 
several  aspects  of  the  1 oad- carrying  capacity  of  double  circular  arc  (D.C.A.)  gear  teeiti. 
Tooth  deflection  and  bending  mo».ent  distribution  were  studied  using  three  dimensional 
holographic  interferometry,  whereas  rootstresses  were  determined  by  means  of  miiiiature 
straingages.  The  finite  element  method  and  finite  difference  method  wore  used  to  deter¬ 
mine  deflections  numerically. 


I nt roduct i on 

One  of  the  tooth  profiles  which  provides  a  much  larger  contact  area  than  the  commonly 
usctl  involute  and  h»,‘nce  has  a  larger  load  carrying  capacity  and  still  satisfies  the 
basic  law  of  gearing  is  the  Wi Idhaber-Novikov  circular  arc  tooth. 

Dovible  circular  arc  (U.C.A.)  tooth  profiles,  fig.  1,  are  relatively  new  and  derive 
from  single  circular  aro  profiles  (I, 2, 3, 4,5), 

D.C.A.  gears  provide  face  contact  and  no  progressive  contact  on  the  profile.  The  con¬ 
tact  between  mating  teeth  occurs  in  two  points,  fig.  2,  one  on  the  addendum,  the  other 

on  the  dedendum,  the  distance  between  these  points  depending  on  helix  angle  and 
pressure  angle.  Under  load,  the  contact  points  change  into  elliptical  areas. 

These  largo  contact  areas  between  the  mating  convex  and  concave  profiles  move  axially, 

at  constant  sliding  speed,  from  one  end  of  the  tooth  to  the  other,  resulting  in  face 

C(,>ntact.  Tills  contrasts  with  the  involute,  where  the  contact  area  moves  from  the  tooth 
root  t'.'  the  tip. 

In  D.C.A.  gears  the  problem  of  'ietermlng  tooth  deflection,  bending  moment  distribution 
rL)ot  ‘Stresses,  contact  stresses  is  exceptionally  difficult  as  the  load  is  concentrated 
in  two  elliptical  areas,  depending  on  tooth  curvature,  applied  load,  helix  angle,  gear 
material,  etc:.  In  order  to  simplify  the  investigation  the  two  loads  on  addendum  and 
dederidum  were  consiriered  to  be  equal,  which  is  an  adequate  first  approximation  of  the 
p  r'’)h  1  em , 

D.C.A.  Tooth  Pe  f  I  ec  t  i  <jri  and  Beriding  Moment  I)i  s  t  rl  but  i  on 

Static  Deflection  was  determined  experimentally  on  a  I'.C.A.  gear  tooth  model  enlarged 
ten  times  and  molded  from  a  urethane  elastomer.  Tooth  dimensions  are  given  in  fig. 
an.)  table  1.  The  loading  rig  applies  the  two  loads  un  addendum  and  dedendum  -  through 
two  screw  devices  with  built-in  calibrated  force  trans<lucers.  Load  positions  caii  be 
adjusted  along  the  entir*-  profile,  see  fig.  4. 

Deflection  was  measured  tinder  loads  of  «h,5  I  1,5  and  2  newtons,  which  is  equivaJent 
to  loads  lu.ono  times  as  great  on  the  same  gears  made  out  of  steel.  The  loads  were 
appiliefi  at  12  different  positions  on  the  addendum  and  dedendum  lines  <jf  contact. 
Deflection  values  were  determiried  by  holographic  interferometry  with  double  exposure 
holograms  using  an  Argon  ion  laser  at  488  nm  wavelength,  all  fringe  readings  bring 
mad(?  from  image  reconst rue t i on  in  laser  light. (7). 

The  elastic  properties  of  the  urethane  elastt)mer  used  In  this  investigation  and 
its  suitabllify  for  simulating  the  behaviour  of  steel  were  obtained  from  various 
ti*nsile  testf;,  Gt  ress-s  t  rai  n  characteristics  show  good  propopt  i -ma  li  t  y  aiid  the  test 
loads  c  'rrespond  to  the  extent  of  linear  portion,  inferring  that  restjlts  obtained  on 
the  elastomer  mcciel  are  to  a  reasonable  degree  af)plicable  t.()  i\  st«el  gear  t.ooth.  Ttu' 
P’oisson  ratio  was  forind  to  be  0.4  for  the  urefha/te  elastomer.  Tt'f«th  rieriet'tK)n  al'Cng 
^he  path  of  con^^act  under  a  load  of  (i,5  N  (5.000  N  on  steel  Ic'utti)  dividc'd  equally 
ov^’T  arJderidum  and  dedendum  points  of  contact  is  shf)wn  in  fig.' 

for  a  tooth  with  4  mm  normal  m',>dule  and  30  degree  lielix  angle,  the  load  position;:  being 
'-h'Sen  f>,25  U  ajjart.  The  effect  of  load  var  I  a  t  i  i.'ris  is  shown  in  fig.  n 

iridif'atlng  t.he  slope  i markedly  higher  at  the  st.art  of  tooth  co:  taot  than  in  ttm  -.-ent  re 
Z'ine  due  to  the  relatively  low  to<ith  stiffnef^s  at  its  extremities. 

''efleotio’  c'^fuld  be  cfajsldered  pr(}p)ortlorial  to  the  applied  li*ad  ind  inversely  pr’opor- 
♦i  t.  th*‘  nf.ipmal  module,  all  other  parameters  remaining  rcuistant,  as  resulteil  fr-m 

mea.su  rements ,  The  following  re  1  a  t  i  onslt  i  f)  Wris  deriv#'<}  f<jr  Mie  deriecMi'n  of  f)ie 
mean  pat.ii  of  oontracr 

■7)  ~  * 

ma  t ..  r  I  a  I  r;  f.a<’tor  (1.0104  for  urethane,  1,0  /'<>r  .steel) 

P'l'Jeetjon  ooeffiejent,  see  fig. 7 
ii  f’m.a]  moflul  '•  mm  •' 

'•r:hiri"J  )  ..ads  '.ri  a'idenlum  .and  dfslendum 
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Thf'  'nax  1  murri  value  of  the  Jeflection  coefficient  for  various  helix  angles  is  given 
i  r.  t  aV)  1  e  11 

Benhlng  'riument  1 1  s  t  r  i  hu  t  i  on  along  the  built-in  edge  of  tne  tooth  is  a  very  impor¬ 
tant  data  especially  for  high-power  transmissions.  The  method  of  finite  difference 
equations  has  b€*en  applied  to  a  thin  cantilever  plate  model  to  determine  bending  mo¬ 
ments  iron  deflections,  at  various  points  along  and  across  the  D.C.A.  tooth. 

As  a  result  of  this  investigation  bending  moment  distribution  can  be  written  in  the 
f o I  low i ng  f orm : 

=  f.  ^  (Pa  +  Pd)  Nm 

where  f  -  materials  factor 

(I.OXIO'^  for  steel,  l.OxlO"^  for  urethane) 

^  =  coefficient  of  bending  moment  distribution,  shown 

in  fig.  8  and  table  TII 

Measurement  of  h.  \A,  'tooth  oot  Stresses  with  Electric  Strain  Gages 

In  this  investigation  three  pai rs  of  D.C.A. tee th  with  different  helix  angles  of  20^, 

30°,  40°  were  cut  from:  steel  according  to  dimensions  in  the  normal  plane  shown  in 
fig.  3  and  table  I , 

The  stresses  were  measured  by  miniature  electric  resistance  strain  gages  (1  mm  gage 
length)  using  static  strain  meter  and  switch  box,  at  circumferential  loads  of  2,500- 
5 . 000-7 . 500- 1 0 . 000- 1 2 . 500-Newtons . 

Strain  gages  were  pasted  at  5  points  of  the  critical  section,  see  fig. 9  ,  determined 
by  applying  Hofer's  method  and  isotropic  wedge  theory  at  the  root  fillet  •  Compres¬ 
sive  stresses  were  measured  with  thirty  strain  gages  in  total  which  were  pasted  on  3 
teeth  for  each  of  the  two  meshing  gear. 

In  the  static  loading  test  rig  used  in  this  experiment  a  test  gear  can  be  loaded  at 
arbitrary  meshing  positions  with  a  power  screw  of  maximum  loading  capacity  of  2,000 
Newton,  and  a  loading  bar  by  fixing  a  supporting  gear.  The  applied  load  value  is  de¬ 
tected  from  the  readings  of  the  loading  cell  strain  gages.  The  meshing  positions  are 
determined  by  measur'ing  the  distance  between  two  specific  gear  teeth  In  one  pair  of 
gears  with  a  n?asuring  microscf»pe  and  a  graduated  scale. 

Fig.  10  shows  Che  meshing  positions  selected  for  measurement  and  calculation  of  root 
,-•1 1  resses . 

Fig.  11  shows  an  example  of  the  measured  root  stres.s  distribution  in  longitudinal  di- 
rectli>ri  under  l>ad  12.500  Newt  m  and  holix  arxgle  of  30°.  It  is  found  that  maximum  root 
strr'3;3GS  occuT  at  the  meshing  position  (  17),  which  coi  nc  i  de?  a  1  mos  t  with  the  outer 

P'Ont  of  single  tooth  pair  contact,  in  the  central  transverse  plane.  The  absolute 

valup  f'f  the  ratio  of  tnf  maximum  rc'^>t  stress  at  the  compressive  side  to  that  at  the 

rensile  side  is  abo\Jt  1.5.  This  may  be  attributed  to  the  effect  of  the  radial  compo- 

nenr  of  the  tooth  loal  ci|>pi'ed  ori  ’wo  loading  points,  one  on  the  addendum  and  the  other 
on  dodendum  at  the  r>ame  -ime. 

The  position  of  crifi-.al  ;u*.'tion  is  determined  by  .applying  isotropic  wedge  theory  on 
ttie  normal  section. 

The  length  iH'  f^on  cri*-i  -ai  .section  to  the  tip  of  tooth  and  the  chordal  thickness 
at  rno  critical  se'^tion  are  measured  to  be  used  for  stress  calculation. 

According  to  the  calculated  r«?stilts  in  fig.  12  ,  the  stresses  in  double  circular  arc 
t  'oth  profile  gear  teeth  are  nearly  equal  at  all  the  positions  dong  the  tooth  traces; 
hrwever,  it  will  be  '•bv;i>u;--  iron  the  experimental  results  in  flg-n  ♦  that  the  stress 
at  ihe  fnd  parts  »he  t.  -.>th  I  racf?n  are  a  little  smaller  than  th-  se  at  the  centre 
part.  This  difference  betw«»en  t'al  <mi  1  at  i  on  and  experiment  is  explained  by  the  fact  that 
dC'.' i..f  t|,''  tuotfi  t  ;  r  fri*'.-.;:  a»  the  end  part  of  the  tooth  trace  has  rot.  been  accoun- 
t'.’d  fi'C  in  the  c.  a )  cu  1  at  j  r.nr? . 

”1'  ■  Ml  :  f  i  ►••  •  I  • 'h  Hy  Vui'.’"  F'i*c»ief;i 

-au;;*-  'f  M?e  ■  '  mj  lexity  'f  M  bending  stress  distribution  In  D.f'.A,  j’ears,  the 

-if  •••hear  <  le  f- c'ma »  i  on ,  Me  large  faof*  wMlth,  the  part  corivex,  oart  concave  tooth 

r  r  fii'i,  the  S'cn i -<•  1  i  1  p:;. . i da  1  •'tiMa.  t  pressur<*  distribution  and  the  effect  of  helix  angle 
r;  r-..fh  :M.;ffri'-so  an  analytical  lotion  "f  the  elastic  problem  :n‘cms  -‘Ut  of  the  question 
1'.!  a  Ml  r^'c-rj  i  rre^ri;;  i  ’Cia  1  t.K.  analysis  seemed  ap,’>r..*[)ri  ate  (  g  )  usin'»  the  SAh-b  program. 
Tht.i  'Uialysls  like  all  ttie  'tlv'cs  in  i.tiis  -  verview  i  ■.*>  car'ried  out  in  st.atic  conditions, 
iri  l  Mie  effect  (>(  tarigential  forces  'luo  to  Coulomb  friction  at  the  contact  surfaces  of 

"inting  gears  is  being  or  ^  t‘<i .  nne  mav  a;-surie  that  these  friction  fois'es  ar’e  small  in- 

as  in  the  case  of  p.  P.A.  gears,  the  points  of  contact  slide  with  ‘oristant  speed 
al  ng  th‘*  tooth  surface,  assuring  ad*-quat.e  lubrication. 

A  three  dimensional  Hf"’ I  i  d  oiemerit  of  the  type  is  chf>serj.  Ttie  gear  tooth  was  (Jis- 

-  refjg.f'-l  into  M'l  element.;  ’d  this  typ«-  so  as.  to  have  an  adequate  present  at  i  -  >ri  of  the 
varying  elliptical  l-nad.s  on  t  tootti  stirfaco. 

The  result';  f)btained  arc  reasonably  •••I'se  t<j  ttK>.se  obtained  by  1  D -ho  logr.aph  i  c  inter- 
fe  rome  t  ry - 

Fig.  11,  sh^^iws  the  defjer'tion  d  i r  i  t)'i  t  i  on  along  th<*  path  ''f  contact  as  the  load 

Twve.s  from  start  to  crel  •>(  c<intact,  whereas,  fig.  show  the  FF  mofle  1  unloaded, 

rc;;p<‘r  t  i  ve  I V  1  oat'lerj  at  tjv*  start  are!  in  th*^*  middle  of  the  tooth  contarM. 
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r'"::.:  rfot-apoh  work  the  giver;  rr.-.r’a-n?  pe  i 
'•  tor  tested  gears,  iri  eaph  ••ar.e 
dire  fc  a  full  load  applied  at  the  alder; 
It:  VI 'live  rt  i  ng  the  strain  readings  taken 
te'!  .'ond  i  t  i  ons ,  it  was  assumed  that  M 
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d  =  u  <5- 

y  X 

and  ^ 

(1  -  u  )  O 


!  .idir.v  a;.  • 

ur:  p.  :r:t  n 

steel  gears  ; 

M  -1'  -  p-  .; 
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Where  M  ,  M 
X  y 


i: 

moment  per*  ur:it  lerigth  in  th€'  X-  arel  y-<l  i  r«-'  ♦  ;  r;.- 

stresses  in  the  X-  and  Y-direction 
y 

e^  ^  strain  in  the  X-directions 

u  -  Peissons  ration 

K  merl'.jlus  of  elasticity 

t  ~  t'-uth  thi-.'kfiess  at  the  consi'iered  sostiori. 

The  prlncip-al  stresses  arel  their  inclination  t,u  the  fixed  edge  wore  calculated  fr''’"  the 
strain  measurement.^.  It  was  fourid  that  the  magnitud.e  of  the  principal  .stres.s  at  all  cri¬ 
tical  pi.'ints  is  10  to  20  %  <p(?rcentl  h.igher  t.hari  the  value  of  (F.e  )  or,  In  other  words, 
it  is  from  0  to  10  %  higher  thar.  in  the  valut?  ■/■f^  defined  by:  ^ 


t.  M 


(1  - 


(21 


(  I 


Bonding  stre.ss  S  can  be  calculated  as  follows: 
^  M 


Where  an  equivalent  modulus  in  bending  for  the  critical  tfrotii  section  per  unit- 

longtii.  Anii  the  maximum  betiding  stress 


(4) 


t  c-oth  he  igt.h 

reduction  factor  tlue  tci  the  inclination  of  the  load  line. 
( (’  =  1,1. 6‘>  tor  circular  arc  gears) 


maximup!  loa<J  inten;-?jty  during  one  meshing  cycle 
total  transmitted  Icjad  -  normal  load  -  W._  ♦  Wj 
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Ad'dendum  normal  load 


Dedendum  normal  load 


miriimum  lerjgt.h  of  cr)ntact  during  the  mesh  cyi.-le  f.ri 
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f  1  'f*  w  i  >5t 

L.‘.tcl  iih.'ir; .'I*:  factor 
Ni:>rnu*l  base  pitch  = 


O.yb  Z/p 

n 

•  ”n  • 


‘N  -  N^'rnal  noiiule 
>6  -  He  1  i  X  ani^ie 
2  =  Len>7.th  of  lirie  of  action 

=  T  '  .'lh  lace  width  in  case  of  double  circular  arc  gears. 


lit  W  .  M.,  .  h  .  cos  Pi 
? .  1  h  n  N 


Y  .  cos’^y^ 

total  tangential  load 
M 

diametral  pitch  = 
pitf'h  diam.  '.d  gear 
^  ,  r  j  circular  pitch 


‘"'p  ’  ''n  '  circular  pitch 


(6) 


(7i 


^  ‘  rr . 

The  val'.Je  uf  the  total  tangential  load  can  be  fuur.d  an  fnlh-ws: 

'•‘t  -  "n  •  *  n  •  ^ 

't  -  n<)rmal  pressure  angle 

Y  .  h  .  cos  ^ 

'  O - zrrrr-i - 


=  riornal  <liametral  pitch 


-  y  .  h  . 


Dp  .  cos^ 


fa---f.:r  y  -  geonetry  factor  obtairit*d  in  tpo  .*.• '/'n.-i )  pi-mt-  md  fr'om  equa  t  i  ( .! 
o'  afid  ;»),  we  found  that: 

‘  .  N  .  cs  ^  „ 


■■  1  -  u  \) 


h  .  Dp  .  cos‘^ 


i:.  1  1  r  'Cl  equations  f  .'•» )  and  (h),  the  maximum  tangential  l-i.ad  .-an  bo 
Vv  r-  /'.qua  M  ■  n;-:  /  h }  and  (H)  into  f4):  ^  , 
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Y.F^  .  0  .  cos"^ 
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From  the  measurements  taken  in  this  rest-.uf'h  u.*-  v.iloi-  ?  • 

was  found  and  applied  in  equation  fl'.'i  t  firii  the  value  i-f  '.v, 

which  was  checked  again  with  the  artual  value.;  t  ;  a  :  t  ‘U'  .r  ’■ 

The  value  of  the  maximum  bending  stress  :  i  mat.-r-;  a  1  :  ^  a;,  '  •  t  ; 

gear  material.  The  value  of  the  real  actuiil  t.anger;*- ;  al  1  ii  V.-^ 

can  be  calculated  from  measurements.  Then  the  value  -  I'  the  ge  .r'tt-riy  i ' '  f  i:.  h- 

calculated  from  Equation  (10). 

For  all  measurements  done  in  this  research  for  tested  steel  g«:-ar;:  h.'  r-al.ru'.' 
the  average  value  of  Y  factor  was  calculated  and  ct)m|'ared  t  -  ttu‘  valu'-s  •  ii- *  ,i ,  •  i  •  t-  ■ 
experimental  work  done  in  this  research  and  found  to  be  (  N'  '.‘./Sd'. 

The  maximum  load  carrying  capacity  formula  of  double  circ..  ar  arc  tooth  gears  th^t  can 
be  used  to  design  this  type  was  derived  from  the  experimen*  al  ami  » hH'-  rt- 1  .  .i  1  :  f  uiy 
and  found  to  be  as  follows: 


=  0.465  .  .  1  . 

max.  max.  N 

Where  *  maximum  bending  stress  of 

“max . 

Bending  and  Contact  Stres5*es  of  Double  Circular  Arc  Tooth  Profile  Gears 

Fig,  shows  the  results  of  the  stress  calculatlc^n  on  gear  teeth  of  double  circular 
arj  tooth,  where  line  (B)  shows  the  bending  stress  at  the  root  in  the  case  that  contac't 
is  located  at  the  center  of  face  width,  and  line  (.1)  are  the  results  of  simplified  cal¬ 
culations  corresponding  to  the  line  (B)  and  are  obtained  by  assuming  that  the  force  is 
concentrated  at  the  center  of  addendum  and  dedendum  area  of  contact. 

Line  Is  obtained  from  Wellauer's  method  mentioned  in  (10). 

Curve  (B„)  which  is  calculated  on  assumption  that  the  load  Ls  applied  along  the  width 
of  addendum  elliptical  contact  shows  a  better  result  than  Wellauer's  method. 

From  this  It  follows  that  when  helix  angle  is  small,  it  is  obvious  that  the  bending 
moment  at  root  must  be  calculated  considering  the  area  where  the  tooth  load  on  adden¬ 
dum  and  dedendum  is  applied. 

Curve  (C)  shows  the  results  of  the  contact  stress  calculated  for  double  circular  arc 
gears.  Fig.  18  shows  the  bending  and  contact  stresses  of  single  and  d(;uhlo  circular 
arc  and  involute  profile  gears  (in  case  of  large  helix  angle). 

Fig. 19  shows  the  bending  and  contact  stresses  of  single  and  double  circular  arc  and 
involute  profile  gears  (in  case  of  smaller  helix  angle). 

There  are  many  methods  of  stress  calculations  for  involute  helical  goar';S,  but  in  this 
re.search  work,  comparison  was  be  made  using  the  stresses  calculated  with  the  formulas 
used  in  practical  gear  design. 

In  the  involute  gears  used  for  comparison,  helix  angle  and  normal  module  are  choscri 
to  be  equal  to  the  corresponding  values  of  the  single  and  double  circular  arc  tooth 
profile  gears,  and  to  be  of  standard  tooth  and  20®  normal  pressure  angle. 

The  contact  stress  of  single  and  double  circular  arc  gears  is  larger  than  that  of  the 
involute  gears  when  the  helix  angle  is  larger,  but  in  case  of  a  smaller  helix  angle, 
the  contact  stress  becomes  smaller  than  that  of  the  involute  gears,  also  the  curves 
show  that  the  double  circular  arc  gears  tends  to  carry  1.5-2  times  the  load  carried 
by  the  single  arc  gears  of  the  same  size  and  material. 

Ciimp;iri  s<jn  Between  The  Different  Methods  ''.:ed 

During  this  research  work  a  complete  study  of  ru-d.  stresses  was  f'xeeuted  using  ''Xperi- 
mental  and  numerical  mettiods  applied  to  the  double  circular  arc  tooth  profile  gears, 
all  the  results  given  by  this  method  were  compared  to  each  other  arul  at  the  same  time 
to  the  previous  resear-'h  work  on  single  cin'ular  arc  g^jar;?  and  i'f.iriverd  i  (^na  1  helical 
i  nV' '  1  ij t  e  gea  rr. . 

R^'sults  obt.ained  by  the  t-D  finite  f?lem<?nt  nudhod  sh('W  a  difference  of  in  %  from  those  ob- 
tairi'.'d  by  l-I)  h';  I  ografihi  c  interferometry  ‘  7),  and  the  results  of  both  methods  compared 
to  the  electrjo  re.sistance  strain  gage  measurements  gives  a  gr<‘ater  difforcruro  than  the 
last  mf’ttiod  r»*pr  '’.Sfnl  s  ttie  real  Irpading  ctniditi'>ns  on  real  lr...ided  te;-t  rears. 

Ibif  t>'ith  nunpri<'al  aroj  experim'=‘ntal  methods  r^tiow  that  the  double  oir'.'tilar  art'  gears 
ar-p  able  to  carry  higher  Toads  than  the  involute  gears. 


material  of  test  gears  uspd. 


14 -h 


f-'ig.  20  3h')W5-,  root  stresses  measured  and  calculated  by  the  different  methods  fcir  ioul^le 
circular  are  p.ears,  when  load  is  applied  at  the  middle  zone  of  c(jntat't. 

'/aiues  f  rc>nt  stresses  measured  using  electric  resistance  strain  gages  are  greater  than 
those  calculated  through  numerical  methods,  the  difference  of  the  order  of  20  -  % 

and  this  difference  due  to  the  variable  factors,  mounting  conditions,  loading  cond i t i  ^nis 
tvlting  effect  and  the  combined  stiffness  of  teeth  and  m  aterial  and  teeth  surfa'^'e  c-ri- 
d i t 1 ons . 


'no 


;MS 


Various  mc^dern  scientific  investigation  methods  were  used  to  study  the  elastic  behaviour 
of  (ic)uble  circular  arc  tooth  profile  gears,  such  as  3-D  Holography,  3-D  finite  elements, 
r'-s;8tar.'e  strain  gauges  an*l  the  isotropic  wedge  theory, 

resul^^s  of  this  research  work  are  summarized  as  follows: 

A  Ifll^'ction  coefficient  is  experimentally  derived  and  introduced  in  the  deflection 
1  al  re  i  a  t  i  ^>tish  i  p  for  different  positionsof  loading. 

.  .  A  tending  m<..ricr.t  distribution  coefficient  Is  numerically  derived  from  deflection 
’■loauuroiTicnts  and  introdu  ed  in  the  bending  moment  d i s tri but i on- load  relationship 
!  r  diff#'ren{  p-'-sitions  of  loading. 

^  "nior  »ho  same  '■•■ndUions  of  pressure  angle,  load  applied,  helix  angle,  normal  module 
ar.  i  *  '■  material,  maximum  deflection  and  maximum  bending  moment  at  built-in  edge 
loss  J  r  double  circular  arc  than  that  f-or  single  circular  arc  tooth  profile  gears 
whi  -h  : nl ; cat  08  that  the  first  is  stiffer  than  the  second  one. 

4.  Tii"  value  if  bending  stress  calculat.ed  from  K.J.  Welieuers'  method  is  always  greater 
than  1 rom  values  found  in  this  research,  especially  wtien  two  methods  becomes  very 
1 arge . 


'i.  f'a  1  cu  I  a  r.M-j  b-ndltig  stress  '^f  single  and  double  circular  arc  tooth  profile  is  always 
greater  than  that  .>f  the  involute  gears  in  the  range  of  helix  angles  IJ'^45'  to  42®10' 

c.  ntact  c-t re 8  becr>mes  smaller  than  that  of  the  involut*;  gears  when  the  helix  angle 
hoc;  line.;  ;;mra  1  1  e  r'  t  h.an  27®  1 U  '  . 

F*-r  d''ahle  circular  arc  gear.s  when  increasing  the  load  angle  it  tends  to  give  better 
I'lnd  -lirrying  capracity  and  low  accuracy  of  t  ransmi  ss  i  v>n  but  for  smaller  helix  angles 
it  sh  w.s  better  Jo.ad  '“arrying  capacity  an<l  better  transmission  accuracy. 

H.  When  decreasing  tti*'  Yu*lix  angle  the  t,  i  1  t  ;  ng  effect  is  reduced  leading  to  better  con- 
accuracy. 

He.3ult:;  obtained  by  the  ^-D  finite  r^lement  method  slvw  a  difference  of  10  %  fr-'m 
that,  obtained  by  3-1)  ht'lographic  i  nterfe  rutne  t  ry . 

I'o  hy  app'lying  the  apt-x  of  fh^'  iac-tropic  wedge  at  0.2S  x  the  distance  from  tootti  sur- 
fi'-i*  ti,  rhe  ''•uiterlinc  of  tooth  profile,  the  values  of  root  stresses  calculated 
.•h  ‘W  a  r'-as  >nat>  1  e  result  as  c.,>mpaired  to  thosevalues,  calculated  by  d-D  finite  olo- 

mcri  t;  Pi*.'  t.'i'-Mi . 

!I.  rii'*  muximun  i  .a.l  wtiicdi  i-an  be  carried  by  the  double  circular  arc  gear  tooth  prof'ile 
A  a  '  "  y.fic  ;■  i  r’lMi.ta  1  1  y  and  t,he'')r<.'t  ic'al  ly  derived  an<1  found  to  be: 


0.4„.,  .  1-,,^  •  V  .  ^  ^  .  Cos’  3 


Wn--r"  the  gC’»mctr-y  factor  Y  f ’jurid  to  be  '.i.Vhc  a:?  exfjc*  ri  men  ta  1 1  y  calcuiatcl  t‘u- 

;•.*  r'ain  gaugi*  m(*ri.';ar<.*ments. 

■.  mpar'-i  t  (  V"  ;-*fufJy  between  Me'  ti  t  i 'tj.i )  jnv.-lute  an  1  single  -  •f'ul'!-'  'iru- 

l.'tr  ir'c  iV’arv;  slciw  tii.at  th"  d  mble  •  •  j  t'c  1 1 1  a  r  arc  .‘.'.'■ars  tends  to  -'nrry  1  . ‘ 
the  lii.jd  v/hi'*h  .single  i  |•■■u  lar  ar'c  g»-.-ir.-.  -t  *  t,t«  catfie  e.jzi-  .an!  ;iiat<  rial  •■in  -.ir.’-v. 
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uemonstiation  of  C-Met  Coirective  Machine  Settings 


In  order  to  evaluate  the  effectiveness  of  the  conversion  of  UMM-bOO  measuiements  into 
delta  machine  settings  for  the  spiral  bevel  gear  grinding  machine,  a  sensitivity  study  was 
conducted  in  which  bevel  gears  were  ground  and  reground  with  machine  settings  that  pur¬ 
posely  deviated  from  the  Gleason  grinding  machine  summary  settings  in  accordance  witli  a 
specific  matrix.  This  m'trix  involved  10  first  order  changes  for  the  spiral  bevel  pinion 
and  gear  (Figure  15)  ana  8  second  and  third  order  changes  for  the  spiral  bevel  pinion 
(Figure  16).  Each  setting  change  consisted  of  5  variations  including  1  baseline,  foi  a 
total  of  142  grinds  (91  for  the  pinion  and  SI  grinds  for  the  gear). 


Gleason  grinder  first  order  changes 
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FIGURE  15  GEAR  GRINDING  MATRIX 


Gleason  grinder  second  and  third  order  changes 
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FIGURE  16  GEAR  GRINDING  MATRIX 


To  date,  four  specific  gijndinq  machine  settings  were  used  for  evaluation. 

•  An  eccentric  angle  change  of  zero  degrees  and  five  minutes  (0"*5') 

•  Machine  center  to  back  wjthdiawal  of  .020  inches 

•  A  pressure  angle  change  of  zero  degrees  and  thiity  minutes  (n’30') 

•  A  toot  angle  change  of  zero  degrees  and  twenty  minutes  (0"20') 

The  eccentric  angle  change  0'’5'  resulted  in  a  maximum  deviation  of  -.0049  inches  in 
the  bevel  pinion  profile  geo-netiy  as  shown  in  Figure  17.  When  the  pinion  was  regiound  to 
the  corrective  delta  setting  calculated  by  C-Met.  this  deviation  was  reduced  to  -0014 
inches  (Figure  18).  A  second  regiind  lesulted  in  a  maximum  deviation  of  +.0003  inches  as 
shown  in  Figure  19. 


II-  hais  been  shown  that  there  is  good  correlation  between  tlie  Gleason  test  machine 
patterns  and  the  UMM-bOO  measui ements .  Figure  13  shows  a  plot  of  derived  test  machine 
values  compaied  to  UMM-bOO  values.  The  test  machine  values  plotted  are  the  observed 
vii  stance  1 1  cm  the  end  of  the  test  machine  pattern  to  the  toe  end  of  the  tooth.  These 
values  ale  the  measured  sui face  deviation  at  the  same  point.  The  correlation  between  this 
data  and  the  Gleason  pattern  is  as  expected. 


TOOTH  MEASUflMENT  TO 
THE  TOE  OF  THE  GEAR 


Tooth  no 

FIGURE  13  COMPARISON  OF  MEASUREMENT  SYSTEMS 

This  tooth  measurement  system  has  proven  to  be  useful  in  the  analysis  of  vai lations 
which  exist  in  master  control  gears  and  in  piodvu.-tion  geais  manufactuied  by  different 
manufacturers  even  though  test  machine  pattern  comparisons  showed  no  reason  foi  rejection. 

If  the  deviations  from  the  nominal  values,  as  measured  on  the  UMM-SOO,  are  not 
acceptable,  G-Met  will  permit  calculation  of  cotrective  machine  settings  based  on  the 
magnitude  of  the  measured  differences  and  their  location. 

For  the  first  time  a  spiral  bevel  gear  tooth  can  be  measured  and  compared  quan¬ 
titatively  to  Its  theoretical  form.  The  primary  advantages  of  this  system  are  the  degiee 
of  accuracy  attainable,  the  capability  to  evaluate  tooth  geometry  over  the  entire  suiface, 
the  ability  to  calculate  grinding  machine  setting  changes,  and  the  reduced  time  needed  to 
accomplish  the  inspection  process.  A  flow  chart  showing  the  manufacturing  and  inspection 
of  a  production  spiral  bevel  gear  set  using  this  system,  is  shown  in  Figure  14. 


GEAR  TOOTH  PRODUCTION  PROCESS 


FIGURE  14  BEVEL  GEAR  PROCESSING  FLOW  CHART 


COORDINATE  MEASUREMENT 
TOOTH  PROFILE  PLOT 


FIGURE  12  DISTRIBUTION  OF  MAPPING  POINTS 


Presentation  of  the  results  of  the  measurements  are  graphical  plots,  as  shown  in 
Figure  9,  and  a  digital  printout  (Table  I).  The  digital  printout  locates  each  grid  point 
by  column  and  row  number.  For  each  grid  point,  the  X,  Y,  and  Z  coordinate  values  are 
listed  as  well  as  the  x,  y,  and  2  deviations  from  the  stored  nominal  values.  The  last 
column  in  the  printout  is  the  deviation  in  the  surface  normal  dimension  and  is  the  value 
plotted  in  Figure  10. 


TABLE  1.  DIGITAL  PRINTOUT  OF  MEASURED  POINTS 


1^-1 


FIGURE  11  PINION  SET  UP  IN  THE  UMM  500 


When  measuring  the  compound  curved  surfaces  of  spiral  bevel  gears,  the  "continuous 
probing"  mode  of  the  UMM-SOO  system  is  particularly  beneficial.  The  machine  can  follow 
the  contour  of  the  part  in  a  predetermined  direction  in  the  same  manner  as  the  follower 
head  on  a  3-D  copy  mill.  The  automatic  positioning  control  that  is  actuated  at  probe 
contact  scans  the  free  axis  of  the  machine  until  the  inductive  measuring  system  in  the 
probe  head  is  brought  to  its  null  point.  The  moment  this  condition  is  achieved  all  three 
machine  coordinates  are  automatical ly  transmitted  to  the  computer;  therefore,  the  probe 
may  be  locked  in  the  X  axis  and  be  made  to  traverse  to  predetermined  locations  in  the  Y 
axis,  while  automatically  following  contour  changes  of  the  part  in  the  Z  axis,  and  the 
machine  will  remain  at  a  preselected  X-V  location  until  the  probe  has  been  nulled  in  the  2 
direction  and  the  position  infoimation  transmitted  to  the  computer.  It  will  then  proceed 
to  the  next  x-Y  location, 

Tooth  flanks  are  measured  in  CNC  mode.  Nominal  points  on  the  network  are  loaded  trom 
the  magnetic  tape  cassette  into  coie  memory  and  transformed  into  machine  coordinates.  The 
computer  keeps  track  of  the  momentary  position  of  the  probe  and  determines  the  path  to  the 
next  point.  The  measured  deviations  from  the  nominal  surface  are  determined  along  the 
projected  surface  normals. 

After  measurement  of  a  complete  tooth  flank,  requiring  approximately  3  minutes  for  45 
measuring  points  (see  Figuie  12),  the  probe  automatical ly  returns  to  its  starting  position 
and  awaits  further  commands. 


This  improved  method  of  tooth  measurement  and  numerical  representation  of  tooth 
errors  at  each  specified  probe  point  will  provide  a  means  for  quantitative  evaluation  of 
the  spiral  bevel  gear  tooth  profile  in  physical  and  measurable  geometric  terms  without 
resorting  to  subjective  visual  comparisons  of  tooth  contact  patterns.  This  method  will 
not  only  eliminate  the  need  for  a  Gleason  running  test  machine  but  will  replace  the 
Gleason  gear  blank  checker,  tooth  spacing  checker,  tooth  index  machine,  master  control 
gears  and  associated  set-up  gages. 

U.S.  Army  AVSCOM  WANTECH  Program 

The  overall  objective  of  this  program  is  to  develop  a  manufacturing  method  and  the 
technology  required  for  an  in-progress  and  final  inspection  of  spiral  bevel  gears  using  a 
prototype,  automated,  mechanical  contact  coordinate  measuring  machine.  The  program 
comprises  four  phases.  Phases  I  and  II  have  been  completed  and  Phase  III  is  currently 
funded  under  Contract  NAS  3  23465. 

Phase  1  involved  the  definition  and  development  of  a  final  inspection  technique  for 
spiral  bevel  gears  utilizing  a  three-coordinate  measuring  machine.  The  UH-60A  BLACK  HAWK 
main  module  bevel  gear  set  was  selected  for  evaluation  and  study.  In  this  initial  phase, 
a  Zeiss  UMM-SOO  universal  measuring  machine  was  procured,  installed  in  the  Sikorsky  gear 
inspection  department  and  converted  for  spiral  bevel  gear  measurement  by  the  addition  of  a 
rotary  table  and  a  Hewlett  Packard  (HP)  computer  package.  Tooth  profile  measurements  were 
taken  on  the  master  gears  for  the  selected  gear  set,  and  on  a  number  of  production  gear 
sets,  using  both  the  UMM-SOO  and  a  standard  Gleason  test  machine.  In  Phase  I,  a  final 
inspection  process  for  spiral  bevel  gears,  utilizing  a  computer  controlled  three- 
coordinate  measuring  machine,  was  demonstrated  with  positive  economic  and  technical 
results . 

Phase  II  involved  the  development  of  an  in-process  inspection  technique  for  spiral 
bevel  gears  where  the  measured  deviation  from  the  nominal  profile  are  converted  into 
corrective  grinding  machine  settings  during  the  production  cycle.  A  sensitivity  study  was 
made  in  which  gear  test  specimens,  ground  with  machine  settings  which  purposely  deviate 
from  the  normal  settings,  were  measured  on  the  UMM-SOO  and  the  corrective  settings  deter¬ 
mined  by  the  Gleason  G-Met  software  package.  A  comparison  of  the  calculated  setting 
changes  with  the  actual  settings  used  to  grind  the  gear  specimens  will  validate  the 
computer  program.  An  alternate  empirical  approach,  using  the  matrix  of  deviations  caused 
by  each  independent  setting  change,  will  also  be  evaluated. 

Phase  III  is  a  pilot  production  monitoring  program  on  a  production  gear  set  and  a 
qualification  test  on  the  experimental  design. 

Phase  IV  is  concerned  with  the  documentation  of  a  new  manufacturing  and  inspection 
specification  for  spiral  bevel  gears. 

Advanced  Bevel  Gear  Measuring  Technique 


The  initial  task  was  to  demonstrate  that  the  topology  of  a  spiral  bevel  gear  can  be 
quantitatively  measured  and  compared  with  the  desired  nominal  values  stored  in  the  com¬ 
puter  . 

The  simplist  method  for  determining  the  nominal  points  on  a  gear  tooth  flank  is  by 
digitization  of  a  master  gear.  The  master  gear  is  a  carefully  manufactured  comparison 
gear  with  a  developed  profile  that  has  been  proven  under  load  in  the  actual  gearbox 
installation.  The  measuring  machine  is  programmed  to  probe  points  on  the  flank  of  a 
master  gear  tooth  for  storage  on  a  magnetic  cassette  tape.  Specialized  software  permits 
rapid  generation  of  an  evenly  distributed  point  network  along  either  radial  or  axial 
sections  after  manual  probing  of  the  corner  points  (see  Figure  10).  The  vector  of  the 
surface  normal  is  determined  mathematical ly  from  several  automatically  probed  points  in 
the  vicinity  of  the  specified  network  point.  When  making  measurements,  actual  points  on 
the  test  gear  flank  are  numerically  compared  with  stored  point  locutions  on  the  master 
gear  flank.  The  master  gear,  since  it  is  produced  on  the  same  equipment  as  the  test  gear, 
will  generally  contain  some  random  form  deviations  that  vary  in  magnitude  from  tooth  to 
tooth  on  a  given  master  geai  and  from  one  master  gear  to  another.  In  general,  it  may 
become  necessary,  in  this  method,  to  create  an  average  nominal  master  gear  profile  by 
integration  over  a  large  number  of  actual  master  gear  flanks. 
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COORDINATE  MEASURING 
SET-UP  TECHNIQUE 


FIGURE  10  GENERATION  OF  NETWORK  POINTS 


Even  though  spiral  bevel  gears  have  a  high  degree  of  geometric  complexity,  it  is 
reasonable  to  expect  that  the  theoretical  surface  can  be  generated  numerically  by  computer 
simulation  of  the  manufacturing  process.  This,  in  fact,  has  been  accomplished  by  the 
Gleason  G-Met  software  package.  G-Met  is  designed  to  provide  the  computer  on  the  UlW-bOO 
with  the  ability  to*. 


1.  Download  theoretical  tooth  surface  coordinate  data  and  corrective  matrix  from 
the  Gleason  main  frame  computer. 

2.  Direct  the  machine  to  measure  the  tooth  surface. 


3.  Compare  measured  data  to  theoretical  ot  master  gear  data  and  calculate  dii- 
ferences  between  the  two  surfaces. 

4.  Calculate  corrective  cutting/gi inding  machine  settings  based  on  the  measured 
differences. 

5  Make  tooth  spacing  checks. 


G“Met  permits  more  freedom  in  the  choice  of  the  form  and  density  of  the  point  network 
and  provides  a  more  theoretical  baseline  than  the  measured  master  gear  values,  which 
themselves  are  subject  to  manufacturing  errors-  An  evaluation  of  both  methods  will  be 
made  in  this  program. 


The  inspection  process  for  a  production  gear  will  consist  of  setting  up  the  gt?ai  in 
the  UMM-500  and  automatically  probing  the  surface  at  the  specified  network  pornt  loca¬ 
tions.  To  accomplish  this,  the  gear  is  mounted  on  the  coordinate  .oeasuring  machine  table 
or  on  the  indexing  table  with  its  axis  parallel  to  the  Z  axis  of  the  machine  (see  Figure 
11)  with  care  being  taken  not  to  deform  it  while  clamping.  Part  alignment  is  achieved  by 
bringing  the  probe  into  contact  at  a  series  of  points  on  a  reference  diameter  to  establish 
the  location  of  the  Z  axis  of  the  gear  in  relation  to  the  machine  axis.  The  leferetrce 
coordinate  system  for  the  nominal  data  for  the  bevel  gear  is  then  located  along  the  gear 
axis.  Any  desired  zero  point  can  be  selected  along  this  axis.  In  order  to  determine  the 
angle  of  rotation  of  the  gears  polar  coordinate  system  relative  lo  the  machine’s  coordi¬ 
nate  system,  a  known  point  on  the  tooth  flank  is  contacted  and  the  deviation  of  this  point 
from  nominal  is  set  to  zero. 


limited  spatial  probing  in  any  of  the  three  orthogonal  diiections.  This  machine,  in 
conjunction  with  a  sophisticated  3D  software  package,  provides  a  distinct  and  quantitative 
means  of  measuring  and  mapping  three  dimensional  surface  contours.  In  ordei  to  accom¬ 
modate  the  complex  surface  of  the  spiral  bevel  gear  tooth,  the  Zeiss  system  also  uses  a 
precision  indexing  table,  shown  in  Figure  8,  which  is  integrated  as  the  4th  axis  in  geai 
measuring  programs.  The  computer  program  packet  for  gear  measurement  permits  the  deter¬ 
mination  of  the  face  profile  coordinates  of  spiral  bevel  gears  at  an  unlimited  number  of 
probe  points  on  the  tooth  surface  and  a  point  by  point  comparison  with  stored  nominal 
reference  values  representing  the  master  gear  tooth  profile.  This  reference  data  can  be 
obtained  either  by  measuring  a  master  gear  with  the  developed  profile  on  the  UMM  or  by 
computing  the  theoretical  coordinate  values  at  specific  probe  locations  using  the  final 
grinding  machine  settings.  By  considering  the  deviations  from  the  nominal  values  in  the 
three  axes  and  the  normal  vector,  the  computer  determines  the  deviation  of  the  surface 
normal  at  each  probe  point  and  prints  it  out.  These  values  can  be  drawn  by  the  HP  plotter 
at  a  preselected  scale,  and  interconnected  to  make  up  a  three  dimensional  error  diagram 
{ see  Figure  9 ) . 


FIGURE  8  ZEISS  UMM  $00  ROTARY  INDEXING  TABLE 


FIGURE  9  TOPOGRAPHICAL  MAP  OF  GEAR  TOOTH  PROFILE 


Once  the  development  is  complete,  several  sets  of  master  control  gears  are  made  that 
duplicate  the  newly  developed  pair  as  precisely  as  possible.  These  control  gears  are  used 
to  inspect  the  production  gears.  They  are  run  in  the  Gleason  test  machine  against  each 
mating  gear  subsequently  produced  by  the  final  machine  settings  to  visually  inspect  the 
contact  patterns  against  those  obtained  from  the  developed  master  gear  pair  in  order  to 
mauitain  uniform  quality. 

The  production  process  control  for  spiral  bevel  gears  is,  in  effect,  a  rainiatuie 
development  process  except  that  the  changes  required  to  keep  a  drifting  pattern  situation 
under  control  are  more  subtle  and  involve  the  visual  comparison  of  a  production  geai 
pattern  with  the  established  master  gear  pattern  and  the  necessary  corrective  changes  to 
keep  the  two  in  agreement. 

Improved  Gear  Manufacturing  and  Inspection  Process 

The  quality  control  process  described  above  has  certain  inherent  disadvantages . 
Fitst,  the  acceptance  or  rejection  of  a  production  gear  is  based  upon  a  visual  compaiison 
of  tooth  contact  patterns.  Not  only  the  size  of  the  pattern,  but  its  shape  and  location- 
are  significant.  Acceptance  limits  for  these  features  are  difficult  to  define  qualita¬ 
tively;  therefore,  the  accept/reject  decision  becomes  a  subjective  one  and  is  subject  to 
the  human  frailties  of  the  operator.  Second,  the  size,  shape  and  location  requirements  oi 
the  tooth  bearing  pattern  are  peculiar  to  each  gear  mesh  and  gearbox  mounting  and  no 
particular  area,  shape,  or  position  can  be  considered  universally  ideal.  Third,  since  the 
tooth  contact  is  localized  and  tested  under  a  very  light  load,  the  edges  and  corners  ot 
the  tooth  cannot  be  measured  directly.  It  is  necessary  to  determine,  not  only  that 
satisfactory  bearing  patterns  are  obtained  when  the  gears  are  mounted  in  their  equivalent 
running  position  in  the  gear  tester,  but  to  what  extent  this  pattern  can  be  changed  by 
axial  and  radial  movements  of  the  pinion  axis,  with  respect  to  the  gear  axis,  that  would 
move  the  pattern  to  the  limits  of  the  tooth  contact  zone.  This  is  known  throughout  the 
industry  as  the  V  and  H  check.  By  comparing  patterns  at  these  extreme  V  and  H  settings,  a 
cursory  check  on  lengthwise  and  profile  curvatures  is  maintained. 

It  is  apparent  from  the  above  discussion  that  a  need  exists  for  a  more  definitive  ard 
quantitative  means  of  diagnosing  whether  specific  in-process  changes  are  necessary  in  the 
grinding  machine  settings  to  control  the  tooth  profile  geometry  within  rather  narrow 
limits.  This  control  is  important  for  highly  loaded  gearing  to  prevent  concentrations  of 
load  that  could  cause  scoring,  pitting  or  tooth  breakage. 

A  Universal  Coordinate  Measuring  Machine  such  as  the  Zeiss  Model  UMM500  shewn  m 
Figure  7  offers  an  effective  alternative  solution  to  the  problem  of  spiral  bevel  geai 
tooth  measurement  and  control.  The  UMMSOO  is  a  highly  accurate  three-coordinate  measuring 
machine  with  an  integrated  Hewlett  Packard  (HP)  9836  computer  system  that  permits  un- 


FIGURE  7 


PROTOTYPE  GEAR  MEASUREMENT  SYSTEM 


FtGURE  6  GLEASON  HYPOtD  GEAR  GENERATOR 


After  the  gears  are  ground,  they  are  installed  in  a  Gleason  universal  test  machine 
(Figure  1)  that  is  set  up  using  precision  gage  blocks  or  set  up  gages  to  the  theoretical 
gear  mounting  distance.  Using  precision  work  holding  equipment,  the  gear  and  pinion  are 
mounted  in  the  same  relative  position  to  each  other  as  they  will  be  when  run  in  the  actual 
transmission  gearbox.  The  test  machine  also  allows  calibrated  adjustments  along  the  gear 
cone  axis,  along  the  pinion  cone  axis,  and  in  the  vertical  offset  direction. 

The  gear  and  pinion  are  rolled  together  in  the  test  machine  at  a  predetermined  light 
brake  load  (approximately  100  in-lbs  of  torque)  applied  through  the  pinion  spindle.  Prior 
to  running,  the  gear  and  pinion  teeth  are  painted  with  a  gear  marking  compound  (similar  to 
jeweler's  rouge)  that  produces  a  rolling  contact  pattern  on  the  gear  and  pinion  flanks  due 
to  the  surface  contact  between  the  mating  teeth  and  wearing  away  of  the  marking  compound 
( see  Figure  2 ) . 

The  gears  ground  to  the  undeveloped  summary  settings  are  then  installed  in  a  test 
gearbox  and  run  under  load.  The  observed  composite  gear  contact  patterns  are  a  final 
indication  of  the  acceptability  of  the  manufactured  tooth  profile  shape. 

If  the  tooth  profile  contact  does  not  meet  the  desired  shape  location  and  percentage 
of  contact  required  by  the  application,  the  gears  are  disassembled  for  regrinding.  The 
usual  practice  is  to  regrind,  or  develop,  only  the  pinion  member  because  it  takes  less 
machining  time  (due  to  fewer  teeth),  and  because  of  the  Glfason  system  convention  for 
single  side  grinding  of  the  pinion.  At  this  point  a  gear  engineer  conducts  an  analyses  of 
the  dynamic  load  pattern,  evaluates  the  Gleason  test  machine  no-load  pattern,  and  makes  a 
judgment  as  to  what  changes  are  required  on  the  pinion  tooth  to  improve  the  dynamic  load 
pattern.  To  assist  the  gear  engineer  in  determining  what  move  or  correction  to  the 
Gleason  grinding  machine  set  up  is  most  appropriate,  the  pinion  cone  axis  and  the  vertical 
offset  in  the  test  machine  can  be  adjusted  to  change  the  pattern  size  and  location.  These 
adjustments  provide  an  indication  to  the  gear  engineer  as  to  what  grinding  machine  setting 
will  be  most  effective.  In  most  cases  it  takes  a  combination  of  two  or  more  moves  to 
correct  a  pattern  and  more  than  one  combination  can  produce  similar  results;  however,  only 
one  combination  is  optimum. 

The  pinion  is  reground  to  the  new  adjusted  setting  and  the  testing  process  repeated. 
The  number  of  iterations  necessry  to  obtain  a  satisfactory  gear  profile  depends  upon  the 
skill  and  experience  of  the  test  machine  operator  and/or  the  gear  engineers.  This  judg¬ 
ment  process  is  probably  the  weakest  link  in  gear  tooth  pattern  development  even  with 
experienced  machine  operators. 
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The  geometry  and  nomenclature  of  a  spiral  bevel  gear  set  is  shown  in  Figjre  5. 


FIGURE  5  BEVEL  G^AR  NOMENCLATURE 


Gleason  gear  grinding  machine  setting  changes  involve  first,  second,  and  third  otdei 
changes.  First  order  changes  affect  heel  and  toe  pattern  position  as  well  as  top  and 
flank  position.  These  changes  are  used  in  the  final  positioning  of  the  tooth  pattern. 
Second  order  changes  include  bias  (diagonal  movement)  changes,  profile  change  and  wheel 
diameter  changes.  Third  order  changes  include  wheel  dresser  changes  and  heel  and  toe 
length  changes.  There  are  approximately  fourteen  machine  settings  that  are  used  by  the 
machine  operator  in  first  order  changes  that  affect  the  shape  and  position  of  the  gear 
tooth  pattern.  Second  and  third  order  changes  require  a  calculation  of  values,  using 
formulas  provided  by  the  Geason  Works,  by  a  gear  engineer  who  is  consulted  prior  to  making 
second  or  third  order  changes. 

When  a  new  bevel  gear  set  is  to  Le  produced  in  quantity,  it  is  first  necessary  to 
"develop"  the  pair  -  that  is,  to  determine  the  desired  location  and  shape  of  the  tooth 
bearing  in  tfie  Gleason  test  machine  that  will  provide  a  satisfactory  full  and  uniform  load 
bearing  pattern  when  run  in  the  production  gearbox.  This  is  currently  accomplished  by  a 
trial  and  error  process.  The  gear  teeth  are  first  semi-finish  cut  to  size  on  a  Gleason 
bevel  gear  generator  (see  Figure  6).  The  gear  member  of  the  pair  is  then  set  up  in  a 
Gleason  bevel  gear  grinder  (Figure  3)  to  the  calculated  but  unconfirmed  machine  settings 
provided  by  a  Gleason  gear  summary.  This  summary  consists  of  approximately  thirty  machine 
settings  for  each  side  of  the  tooth.  The  gear  member  is  ground  "spread  blade"  (both 
concave  and  convex  sides  ground  at  the  same  time).  The  pinion  member  is  set  up  and  ground 
in  the  grinding  machine  to  the  unconfirmed  pinion  settings  indicated  on  the  summary.  The 
pinion  is  ground  "single  side"  requiring  a  separate  set  up  for  both  the  concave  and  the 
convex  side. 
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This  current  method  of  manufacturing  primary  drive  spiral  bevel  gears  requires  an 
experienced  and  qualified  organization.  it  is  often  expressed  that  the  development  of  a 
spiral  bevel  gear  is  more  of  an  art  than  a  science.  This  expression  is  based  on  the 
requirement  for  skilled  bevel  gear  machine  operators  who  must  use  their  background  experi¬ 
ence  to  evaluate  the  position,  shape  and  contour  of  the  gear  tooth  pattern  produced  by  the 
rolling  test  in  the  test  machine.  The  machine  operator's  judgment  is  relied  upon  to 
determine  what  machine  setting  or  combination  of  settings  is  best  used  to  correct  an 
undesirable  featured  in  the  test  pattern. 

The  Gleason  gear  grinding  process  is  a  culmination  of  motions  and  tool  paths  that 
generate  the  bevel  gear  tooth  form  into  a  continually  varying  non-involute  curve.  Basi¬ 
cally,  the  Gleason  gear  grinder,  shov/n  in  Figure  3,  has  a  cradle  that  supports  the  formed 
grinding  wheel  shown  and  has  a  radial  oscillating  motion  while  the  wheel  moves  in  and  out 
of  the  gear  tooth  space.  This  cradle  motion  is  controlled  by  a  generating  cam  that  can  be 
adjusted  through  the  cradle  angle  setting  to  modify  the  ratio  of  motion  at  one  end  of  the 
oscillating  arc  in  relation  to  the  other  end.  The  gear  to  be  ground  is  mounted  on  a  work 
holding  fixture  precisely  centered  to  the  work  spindle  that  is  in  constant  rotational 
motion  in  a  controlled  ratio  to  the  cradle.  The  grinding  wheel  is  mounted  concentric  to 
the  cradle  axis  (see  Figure  4)  in  a  fixed  relative  position  to  the  cradle  center  aependent 
upon  the  wheel  radius,  the  spiral  angle,  and  hand  of  spiral.  The  grinding  wheel,  in 
effect,  acts  as  a  single  tooth  of  an  imaginary  generating  gear.  The  wheel  is  dressed 
automatically  at  prescribed  stages  in  the  grinding  sequence  to  maintain  surface  finish  and 
profile  accuracy . 


FIGURES  GLEASON  HYPOID  GEAR  GRINDER 
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FIGURE  4  GRINDING  MACHINE  GEOMETRY 


FIGURE  1  GLEASON  ROLLING  TEST  MACHINE 


conttol  master  gear  simulating  no-load  operation  under  actual  gearbox  mounting  conditions. 
Tooth  contact  patterns  under  these  xotating  conditions  are  observed  by  painting  the  teeth 
with  a  marking  compound  and  running  the  gears  with  their  mating  master  control  geais  for  a 
few  seconds  in  the  gear  tester  under  a  light  brake  load.  Because  of  the  compound  cuiva- 
tures  inherent  in  the  spiral  bevel  geai  tooth  form  and  the  profile  modifications  designed 
into  the  tooth  geometry,  these  gears  typically  exhibit  a  localized  composite  tooth  bearing 
pattern  (Figure  2)  which;  ideally,  should  spread  out  under  full  load,  filling  the  working 
area  of  the  tooth  with  some  easing  off  at  the  end  areas  of  contact.  The  size,  shape,  and 
position  of  this  tooth  bearing  pattern  is  a  gross  indication  of  the  tooth  topology  both  up 
and  down  the  tooth  profile  and  lengthwise  along  the  tooth  face. 
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FIGURE  2  SPIRAL  BEVEL  GEAR  TOOTH  CONTACT  PATTERN 


The  goal  of  the  design  and  profile  development  phase  of  spiral  bevel  gear  manufacture 
IS  to  obtain  a  localized  test  machine  pattern  of  a  size,  shape,  and  location  that  will 
produce  the  desired  full  load  pattern  in  the  gearbox.  The  goal  of  the  gear  production 
phase  consists  of  duplicating  the  desired  tooth  shape  during  a  production  run  and  from  one 
production  run  to  another. 
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Abstract 


A  manufacturing  perspective  of  an  advanced  technique  for  the  design  and  in-process 
inspection  of  spiral  bevel  gearing  utilizing  a  computer  controlled  multi-axis  coordinate 
measuring  machine,  is  being  developed  at  Sikorsky  Aircraft  under  sponsorship  of  the  U.S. 
Army  AVSCOM  Propulsion  Laboratory,  Cleveland,  Ohio. 

Both  the  designer  and  the  gear  manufacturing  engineer  will  have  more  options  in  the 
analysis  and  manufacture  of  bevel  gearing  due  to  the  positive  control  of  the  tooth  profile 
geometry  and  related  gear  dimensions  as  permitted  by  the  advanced  technique. 

The  Zeiss  Model  UMM  500  universal  coordinate  measuring  machine  in  conjunction  with  an 
advanced  Gleason  C-Met  software  package  provides  for  a  unique  interaction  between  the 
designer  and  the  gear  manufacturer  that  permits  rapid  optimization  of  spiral  bevel  toot)i 
geometry  during  initial  tooth  form  development. 

This  paper  describes  an  advanced  design/production  technique  for  the  in-process 
inspection  and  manufacture  of  aircraft  quality  spiral  bevel  gearing.  The  technique 
involves  mapping  of  spiral  teeth  over  their  entire  working  surfaces  using  the  UMM  500  and 
quantitatively  comparing  surface  normals  with  the  nominal  master  gear  values  at  some  45 
grid  points.  In  addition,  this  technique  features  a  means  for  rapidly  calculating  correc¬ 
tive  grinding  machine  setting  changes  for  controlling  the  tooth  profile  geometry  within 
speci tied  tolerance  requirements . 


Introduction 

The  inspection  of  tooth  profiles  that  is  commonly  performed  on  spur  and  helical  gears 
is  not  feasible  for  spiral  bevel  gears  because  the  tooth  shape  and  thickness  varies  over 
its  face  width  instead  of  being  constant  as  in  the  case  of  spur  and  helical  gears.  Spiral 
Bevel  Gears  are  currently  inspected  on  Gleason  test  machines  which  provide  a  rotating 
check  simulating  no-ioad  operation  under  actual  gearbox  mounting  conditions.  Tooth 
contact  patterns  under  these  conditions  can  be  observed  by  painting  the  teeth  with  a 
marking  compound  and  running  the  gear  with  its  mating  master  control  gear  for  a  few 
seconds  in  the  Gleason  tester  with  a  light  brake  load.  The  gears  typically  exhibit  a 
localized  composite  tooth  bearing  contact  pattern  which,  ideally,  should  spread  out  under 
the  operating  load,  filling  the  working  area  of  the  tooth.  The  inspection  task  is  a 
subjective  one  to  ascertain  an  acceptable  full  load  pattern  from  a  localized  composite 
pattern.  The  machine  operators  task  is  even  more  difficult  because  he  must  make  a  judg¬ 
ment  to  change  the  machine  settings  in  order  to  correct  an  undesirable  feature  in  the  test 
pattern. 

Therefore,  this  manufacturing  process  for  spiral  bevel  gears  is  more  time  consuming 
and  costly  when  compared  to  the  spur  and  helical  process  of  control. 

Experience  has  also  shown  that  highly  loaded  aircraft  spiral  bevel  gears  can  develop 
a  tooth  scoring  failure  during  initial  transmission  test  stand  running  even  though  the 
tooth  contact  pattern  is  within  specification  limits  as  determined  by  the  present  method 
of  control . 

The  current  bevel  gear  method  requires  the  use  of  master  control  gears  which  are 
manufactured  by  the  same  process  used  for  the  production  geirs.  Also,  duplicate  masters 
are  required  for  second  and  third  source  production  and  additional  levels  of  master  gear 
control.  From  a  metrology  point  of  view,  it  is  most  desirable  to  manufacture  the  control 
master  gears  to  a  higher  level  of  accuracy  which  is  currently  not  possible  by  the  present 
method . 


State  Of  The  Art  Of  Spiral  Bevel 
Gear  Manufacture 

The  elemental  inspection  of  tooth  profiles  that  is  commonly  performed  on  spur  and 
helical  gears  is  not  practical  for  spiral  bevel  gears  because  the  shape  and  size  of  a 
bevel  gear  tooth  varies  over  its  face  width  instead  of  being  constant  as  in  the  case  of  a 
spur  gear.  Spiral  bevel  gears  are  currently  inspected  on  a  specially-designed  Gleason 
test  machine,  shown  in  Figure  1,  which  provides  a  rotating  test  of  the  gear  with  its 
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FIGURE  17  INITIAL  GRIND  WITH  A  ECCENTRIC  ANGLE  CHANGE  OF  0°5' 


FIGURE  18  R2SULTS  OF  1ST  CORRECTIVE  GRIND 


DEVUTIONS  CONVERTED  INTO  CORRECTIVE  MACHINE  SETTINGS 

F.'GURE  19  Re5?UI  TS  OF  JnD  CORRCrTIVE  GRIND 
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The  machine  center  to  back  change  of  .020  inches  withdrawal  resulted  in  a  maximum 
deviation  of  +.0053  inches  in  the  bevel  pinion  profile  geometry  as  shown  in  Figure  20. 
When  the  pinion  was  reground  to  the  corrective  delta  setting  calculated  by  G-Met,  the 
deviation  was  reduced  to  +.0009  inches  (Figure  21).  A  second  regrind  resulted  in  a 
maximum  deviation  of  +.0004  inches  as  shown  in  Figure  22. 


OEVIATtONS  CONVERTED  INTO  CORRECTIVE  MACHtlE  SETTINGS 

FIGURE  20  INITIAL  GRIND  WITH  A  MACHINE  CENTER  TO 
BACK  CHANGE  OF  M.C.B.  W  .020 
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FIGURE  21  RESULTS  OF  1ST  CORRECTIVE  GRIND 


DEVIATIONS  CONVERTED  INTO  CORraCTIVE  MACHINE  SETTINGS 

FIGURE  22  RESULTS  OF  2ND  CORRECTIVE  GRIND 


A  pressure  angle  change  of  0^30*  resulted  in  a  maximum  deviation  of  -.0009  inches  in 
the  bevel  pinion  profile  geometry  as  shown  in  Figure  23.  When  the  pinion  was  reground  to 
the  corrective  delta  setting  calculated  by  G-Met,  this  deviation  was  reduced  to  -.0004 
inches  (Figure  24).  A  second  regrind  resulted  in  a  maximum  deviation  of  -  0002  inches  as 
shown  in  Figure  25. 


OEVMrfONS  CONVERTED  INTO  CORRECTIVE  MACHME  SETTMGS 

FIGUBE  23  (NtTIAL  GRtNO  WITH  A  PRESSURE  AN*GLE 
CHANGE  OF  0®  30' 
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FIGURE  24  RESULTS  OF  1ST  CORRECTIVE  GRIND 


OEVUTIONS  CONVERTED  INTO  CORRECTED  MACHME  SETTMOS 

FIGURE  25  RESULTS  OF  2ND  CORRECTIVE  GRIND 


A  root  angle  change  of  0*^20'  resulted  in  a  maximum  deviation  of  -.0041  inches  in  the 
bevel  pinion  profile  geometry  as  shown  in  Figure  26.  When  the  pinion  was  reground  to  the 
corrective  delta  setting  calculated  by  G-Met,  this  deviation  was  reduced  to  -.0004  inches 
(Figure  27).  A  second  regrind  resulted  in  a  maximum  deviation  of  -.0002  inches  as  shown 
in  Figure  28. 


O  MFT  ConnfClFO 
MACIIINF  SmiNGS 


CKAUIF  ANi: 
SLIDING  BASE 


0“  3- 
0«  y 


PRESSIIAf  ANG 


FIGURE  26  INITIAL  GRIND  WITH  A  ROOT  ANGLE  CHANGE  OF  0“  20" 
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FIGURE  27  RESULTS  OF  1ST  CORRECTIVE  GRIND 
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FIGURE  28 


RESULTS  OF  2ND  CORRECTIVE  GRIND 


In  all  four  of  the  above  cases,  the  bevel  pinion  tooth  profile  geometry  was  restored 
to  within  acceptable  limits  in  two  regrinds  using  only  first  order  changes.  This  demon¬ 
strates  that  the  G-Met  corrective  procedure  can  be  effective  in  correcting  an  out-of- 
tolerance  tooth  profile  during  the  production  process.  This  technique  can  eliminate  the 
need  for  a  final  inspection. 


Conclusions 


Application  of  the  improved  inspection  method  for  spiral  bevel  gears,  described 
herein,  can  provide  the  following  benefits: 

1.  Eliminates  subjective  tooth  pattern  interpretations  and  permits  quantitative 
evaluation  of  tooth  profiles. 

2.  A  substantial  reduction  in  Manufacturing  and  inspection  manhours  and  associated 
cost. 

3.  In  one  set  up  all  blank  dimensions  and  tooth  elements,  including  tooth  spacing 
and  index  variation;  can  be  measured. 

4.  Provides  capability  of  measuring  entire  tooth  surface  rather  than  the  localized 
contact  area  measured  by  the  current  technique. 

5.  Eliminates  the  need  for,  and  costs  associated  with,  metallic  master  control 
gears  and  working  master  gears  used  for  production  quality  control.  Also 
eliminates  the  inherent  variability  of  master  gears. 

6.  Produces  both  digital  and  graphical  records  of  the  tooth  geometry. 

7.  Automatically  calculates  the  most  optimum  grinding  machine  settings  necessary  to 
correct  profiles  with  deviations  outside  the  established  tolerance  range. 
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SUMMARY 

The  manufacuture  of  state  of  the  art  aircraft  gear¬ 
boxes  is  at  the  upper  end  of  the  spectrum  of  mechan¬ 
ical  technology.  The  considerations  discussed  here, 
primarily  relate  to  the  high  costs  involved  in  the 
application  of  this  technology.  The  technology  used 
in  aircraft  gearbox  manufacturing,  covers  a  whole 
gamut  of  methods,  types  of  machining  and  chemical 
processing.  While  an  ai''craft  gearbox  manufacturer 
must  aggressively  ensure  efficient  productivity,  his 
efforts  are  frequently  negated  by  the  requirements 
of  the  designer.  As  aircraft  gear  systems  are  re¬ 
quired  to  transmit  more  power  at  greater  speeds,  the 
trend  is  to  provide  this  performance  with  a  minimum 
of  increase  in  size  and  weight.  This  necessitates 
better  dynamic  capability,  resulting  from  improve¬ 
ments  in  metallurgy,  manufacturing  equipment,  techni¬ 
ques,  and  metrology-  These  Improvements  can  be  costly, 
it  is  therefore, encumbent  on  the  designer  to  carefully 
consider  his  designs,  in  terms  of  producibi 1 i ty .  This 
can  best  be  done  in  close  liaison  with  the  manufactur¬ 
ing  engineer. 


An  aircraft  gearbox  "manufacturer * s  view  point: 

The  business  of  manufacturing  aircraft  gearboxes  and  transmissions  is  very 
competitive,  risky  and  costly.  It  is  said  chat  an  aircraft  hangs  by  its  wings,  but  it 
is  also  true  that  the  fik^dern  flying  machine  stays  up,  due  to  the  reliability  of  its 
gearing.  A  gear  failure,  particularly  in  a  helicopter  power  train,  can  be  almost 
instantly  catastrophic.  The  risk  is  obviated  largely  by  the  prod\iction  of  highly  re¬ 
liable  components.  This  reliability  is  the  prime  reason  for  the  high  cost  of  power 
train  transmissions.  Of  necessity,  aircraft  transmissions  are  designed  to  be  as  light 
and  compact  as  possible,  within  the  constraints  of  the  applied  loads.  This  design  of 
minimum  sized  parts  leads  into  minimal  dimensional  tolerances  in  all  critical  areas, 
rhe  scope  of  aircraft  gear  manufacturing  and  related  design  i>  so  large  that  it  is 
possible  only  to  touch  on  a  few  of  the  aspects  here.  This  discussion  is  centered, 
prlmarilv,  around  some  of  the  considerations  related  to  cost  and  reliability. 

Combined  configuration  and  tolerance  criteria  are  the  cause  of  costs  being 
’•elatively  high.  Occasionally  a  designer  delves  into  the  unknown  and  develops  a  gearbox 
utilizing  gears  of  either  a  non  involute  tooth  form  or  unusual  material.  Our  experience 
appears  to  tell  us  that  deviations  of  this  nature  can  be  troublesome  and  expensive.  The 
complete  modern  aircraft  gearbox  manufacturer  must.  In  order  to  have  good  control  of  the 
manufacture  and  scheduling  of  his  product,  have  a  facMity  which  incorporates  all  the 
expertise  and  controls  needed  for  a  cost  effective,  on  time  operation.  The  areas  of 
expertise  involved  are  in;  Marketing  -  Proposals  -  Program  Management  -  Manufac¬ 
turing  Engineering  -  Manufacturing  and  Quality. 

In  one  sense,  an  independent  gear  house,  such  as  our  own,  is  at  a  disadvantage, 
due  to  the  necessity  of  having  systems  which  cater  for  the  large  variety  of  customer’s 
requirements.  In  another  sense,  the  independent  gear  house  has  advantages,  resulting  from 
the  necessity  of  being  more  competitive,  and  also  from  contact  with  a  variety  of  aircraft 
primes,  their  designers  and  manufacturing  teams.  We  deal  with  many  customers,  from  a 
number  of  different  countries.  Some  customers  use  the  various  European  specifications, 
some  use  American  specifications  and  in  addition,  each  customer  has  his  own.  Every 
customer  also  has  different  requirements  related  to  program  scheduling,  monitoring  engin¬ 
eering  drawings  and  specifications.  The  cost  of  maintaining  up-to-date  specification 
libraries,  along  with  the  physical  application  of  changes,  is  costly.  Technical  skills 
need  to  be  high,  and  in  some  areas,  very  specialized.  Th-^se  skills,  as  applied  to  sLr- 
craft  gearing  are  relatively  rare,  this  creates  a  situation  where,  regardless  of  the 
availability  of  work,  we  must  maintain  a  core  of  these  specialized  people,  in  order  that 
continuity  be  maintained  project  to  project.  This  again,  is  an  area  of  additional 

requirements  and  the  necessity  of  maintaining  reliability,  a  high  quality  gear  manufac¬ 
turer,  has  high  yearly  maintenance  and  capital  budgets,  A  complete  gearbox  manufacturer 
must,  dtie  to  the  variable  nature  of  the  aircraft  industry,  be  flexible  in  his  abilitv  to 
produce  a  wide  variety  of  units  differing  considerably  in  size,  complexity  and  precision. 
Gearboxes  range  in  size  and  type,  from  small  high  speed  engine  accessory  and  power  take¬ 
off  units,  up  to  the  large  low  speed  helicopter  rotor  drive  transmissions.  This  again, 
is  a  c(^st  factor  related  to  the  variety  of  equipment  needed  and  to  the  amount  of  machine 
down- 1 I  me . 


As  an  interesting  aside*  our  experience  and  expertise  in  the  business  led  us,  in 
the  last  few  years,  to  the  design  and  manufacture  of  the  remote  manipulator  system,  or 
mechanical  arm  ,  used  in  the  American  Space  Shuttle  Program,  which  is  primarily  fi>r  the 
retrieval  and  release  of  Satellites  in  earth  orbit.  Each  joint,  in  the  arm.  comprises 
one  or  more  very  precise  planetary  type  gearboxes.  The  arm  has  functioned  very  well, 
since  its  first  flight  in  the  Columbia. 

Reverting  to  the  subject  discussion,  it  can  be  seen  from  the  foregoing  that  our 
business  is  a  very  costly  one,  this  along  with  the  'state-of-the-art'  reacMness,  means 
that  a  continuing  effort  must  be  put  into  both  minimizing  cost  and  improving  quality. 

This  effort  can  be  performed  on  both  an  informal  and  formal  basis.  Informal  activity  is 
normally  going  on  continuously  within  a  company  and  Is  such,  that  there  is  no  formal 
record  of  either  the  cost  of  the  change  or  the  value  of  the  improvement  created.  We 
prefer  the  more  formal  improvement  programs,  which  include  those  used  by  some  of  our 
customers,  examples  of  which  are:  Should  Cost,  Cost  Superiority,  and  Target  Zero. 

These  programs  are  usually  joint  activities  between  the  customer  and  the  manufacturer, 
and  generally  Involve  design  and  quality  improvements.  Our  own  in-house  program,  which 
we  call  Q.C.R.  -  'Quality  Cost  Reliability'  -  is  of  necessity,  oriented  more  in  the  direc¬ 
tion  of  improvements  in  methods  and  equipment,  which  includes  a  requirement  of  monitoring 
cost  vs  gain.  The  end  result  is  the  same  ie:  lower  cost  and  better  quality.  Any  program 
of  this  nature  is  beneficial  to  all  parties.  However,  the  best  way  to  design  a  cost 
effective  gearbox  is  for  the  designer  to  work  hand-in-hand,  with  the  manufacturer.  We 
have  been  involved  in  a  number  of  programs  from  the  initial  phase,  which  have  resulted  in 
simpler,  more  producible  gearboxes.  On  the  other  hand,  we  have  built  expensive  and 
troublesome  gearboxes,  where  it  was  obvious  that  the  potential  manufacturer  was  not  in¬ 
volved  . 

The  constant  quest  for  better  productivity  and  quality,  continually  leads  into 
acquisition  of  more  sophisticated  machinery.  While  in  some  areas  machine  builder.s  ha'e 
made  great  strides  in  the  manufacture  of  equipment  with  flexibility,  precision  and  speed 
of  production,  the  makers  of  gear  grinding  machinery  seem  to  have  made  few  tnovations  in 
this  area  of  considerable  importance  to  our  industry.  This  is  probably  due  to  the  com¬ 
paratively  small  market  for  machines,  of  this  type.  Methods  of  producing  gear  teeth  are 
many  and  various  FIG.  I.  Of  these,  the  most  commonly  used  for  aircraft  spur,  helical  and 
spiral  bevel  gears  are:  bobbing,  shaping,  form  grinding,  worm  type  generated  grinding 
and  Gleason  System  generating  and  grinding. 

With  possibly  two  exceptions,  the  modern  gear  grinding  machines  are  basically 
very  little  different  from  the  first  grinders  built.  A  similar  statement  may  be  made 
regarding  gear  metrology.  In  general,  where  precision  aircraft  gears  are  concerned,  the 
inspection  process  is  slow,  tedious  and  very  costly. 

The  manufacturing  sequence  involved  can  he  very  complex  and  at  times,  require 
as  many  as  hundreds  of  individual  machining  or  process  operations  in  order  to  complete  a 
part  FIG  II.  The  operations,  which  probably  cause  most  concern,  are  carburizing  and 
hardening.  Distortions  resulting  from  these  operations,  often  make  necessary,  a  number 
of  additional  machining  operations  and  freqently  necessitate  extreme*  care  at  gear  grind¬ 
ing.  Carburized  areas  are  usually  local,  which  further  increases  the  distortion,  as  a 
result  of  uneven  stresses.  Dealing  with  the  results  of  this  type  of  heat  treatment,  con¬ 
stitutes  a  large  portion  of  the  part  cost. 

A  consideration  which  significantly  effects  the  cost  of  aircraft  gearing  is  the 
requirement  to  control  stock  removal,  from  a  carburized  surface.  I'he  designer  should 
give  very  carefull  consideration  to  the  potential  for  heat  treat  distortion,  when  arriv¬ 
ing  at  case  depth,  and  hardness  gradient  requirements.  An  allowable  stock  removal,  which 
is  small,  relative  to  the  amount  of  distortion  resulting  from  carburizing  and  hardening, 
can  be  very  expensive  to  maintain. 

Product  reliability  requirements  force  us  into  a  gre.it  deal  of  repetitive  and 
detailed  inspection  FIG.  III.  Ihcre  are  many  special  inspection  methods,  processes  and 
equipment  needed.  In  addition  to  the  large  amount  of  time  involve<l,  such  items  as  gear 
tooth  checking  machines,  costing  in  the  order  of  $600,000.  each,  are  used.  All  in  all, 
a  very  costly  part  of  the  business  and  which  in  reality  produces  nothing,  except  the 
guarantee  of  reliability.  One  of  the  most  important  quality  reqi.i rement s ,  is  trace¬ 
ability.  This  costly  necessity  involves  the  generation  and  retention  of  a  lot  of  paper¬ 
work,  and  considerable  time  spent  in  the  marking  oi  parts  and  assemblies.  An  important 
design  consideration  should  be  the  reduction  of  inspection  requirements  and  most  certainly 
a  reduced  amount  of  part  marking  FIG.  IV. 

While  most  of  Che  previous  concerns  have  been  connected  with  gear  teeth,  a 
component  of  the  gearbox  which  must  not  be  forgotten,  is  the  housing.  Manv  aircraft 
gearbox  housings  ire  large  and/or  very  complex.  These  housings  are  usual Iv  east  frc>m 
1  I  gi  I L  ma  c  e  I  i  rt  I  .>  •  ..lagr-c  s  i  um  u r  a  1  uh. i  iiUm ,  aiiO  w i  L  c  ii  ,  t  vj<-i *.  r ..  a  rc  u  *.  rr.;'. n y  ^  1 1 1 :  ■  ’  ■  ■ 

operations,  some  of  which  arc  of  high  precision.  Special  care  must  be  taken  to  minimi /e 
Che  effects  of  temperature  and  distortion.  The  manufacturer  of  the  finished  housing  can, 
with  his  expertise,  have  a  valuable  input  into  the  design  of  tnc  basic  casting. 


From  the  previous  discussion,  it  can  be  seen  that  there  arc  many  areas  of  con¬ 
cern,  when  thinking  about  cost.  From  an  aircraft  gearbox  manufacturer's  point  of  view, 
further  examples  of  cost,  which  can  be  avoided  by  designers,  are  as  fillows: 

ai  The  designer  should  dimension  the  part  functionally,  and  for  m^xinuim 
tol o  ranee . 

b)  Standardize  internal,  corner  radii  in  increments  of  1/16"  or  metric- 
equivalent.  This  relates  to  standard  cutting  inserts  FIG.  V. 

cl  Use  practical  datums  FIG.  VI. 

di  When  possible,  show  allowable  salvage  or  repair  schemes  on  the  part 

drawing.  An  example  of  which  is  the  chrome  repair  cjf  bearing  iournals. 

e>  On  rotating  parts,  avoid  bottle  bore  conditions  where  a  boring  bar 
length  to  diameter  ratio  would  exceed  8:1.  Preferably  a  ratio  of 
not  more  than  5:1  should  be  used,  for  economic  boring  FIG.  V'll. 

f)  [f  the  angular  relationship  of  features  is  not  Important,  this  should 
be  clearly  stated  on  the  drawing. 

gt  Show  alternate  designs*  sources,  material  and  hardware,  were  possible. 

h'  Avoid  radial  surfaces  (or  square  shouldcrsi,  when  possible,  jiart icul arl v 
on  carburized  rotating  parts  FIG.  VIIl. 

i)  Avoid  corner  undercuts,  when  possible,  <n  carburi/ed  parts  FIG.  V. 

j)  Avoid  blind  splines.  Through  splines  can  be  broached,  in  a  lot  of 

cases,  with  less  time  and  generally  exhibit  less  taper  distortion 
thru  heat  treatment  FIG.  V. 

k)  Avoid  hardened  splines,  if  possible. 

l)  Whore  possible,  match  the  case  depth  requirements  for  different  areas 

of  Che  part,  to  allow  a  single  carburizing  cycle  FIG.  IX. 

m)  Always  provide  a  separate  casting  drawing.  This  avoids  confussion. 

n)  Tapping  blind  holes  -  minimum  of  ^  pitch  clearance  between  maximum 
full  thread  and  minimum  hole  depth,  is  desirable. 

o)  Do  not,  for  simplicity  or  as  a  disciplinary  measure,  automac i ca 1 Iv 
reject  non  conforming  parts. 

The  world  of  the  designer  sometimes  seems  to  be  in  the  realm  of  the  nebulous, 
guess  and  by  god,  and  toss  of  the  coin,  towc,who  are  the  blacksmiths  of  the  industry. 

It  is  hard  for  us,  at  times,  to  see  a  reason  why  a  designer  should  turn  down  a  reques'- 
Co  allow  the  use  of  a  gearbox  component,  which  is  a  very  small  amount  outside  Che  draw¬ 
ing  requirement.  We  know  from  experience  that  quite  often  the  designer  rejects  a  devia¬ 
tion  request,  because  it  is  the  easy  way  out  and  sometimes,  because  he  feels  that  his 
rejection  will  discipline  the  manufacturer.  A  designer  should  definitely  think  twice 
before  doing  something  like  this,  as  by  doing  so,  he  often  very  significantly  raises 
the  cost  of  parts  to  be  manufactured,  in  the  future. 

A  considerable  amount  of  money  could  be  saved  if  the  aircraft  industry,  as  a 
whole,  got  together  and  produced  common  metallurgical,  quality  and  process  specifications. 

It  is  our  experience  that  friendly  man-on-man  contact  ,  between  the  prime  and 
subcontractor,  in  con  function  with  free  flow  of  all  types  of  information,  can  greatly 
speed  up  the  resolution  of  both  design  and  manufacturing  problems,  along  with  the  conse¬ 
quent  reduction  in  costs.  This  can  produce  large  benefits  to  all  parties. 


INSPECTION  FLOW  CHART 
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TYPICAL  AIRCRAFT  GEAR  PART  MARKING 
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1.  Part  Number 

2.  Forging  Number 

3.  Revision  Letter 

4.  Serial  Number 

5.  Material  Heat  Number 

6.  Magnetic  Particle  Inspection 

7.  Nital  Etch 

8.  Carburize  Heat  Treat  Lot  Number 

9.  Back  Lash  (bevel  gears  only) 

10.  Supplier  Final  Acceptance  Stamp 
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TO  NEW  DESIGN  REQUIREMENTS  FOR 
POWER  TRANSMISSION  SYSTEMS 
by 

L.  Battezzato  and  S.  Turra 
Transmission  Engineering  Dept. 
Direzione  Progettazione 
FIAT  AVIAZIONE 

Corso  Ferrucci,  122  -  10100  Torino 
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SUMMARY 

In  the  new  projects  of  gearboxes  for  aeronautical  application,  performed  by  FIAT  AVIAZIONE,  the  speci¬ 
fied  requirements  have  become  more  and  more  severe  asking  for  continuous  technology  advance. 

This  paper  deals  with  the  most  important  points  put  out  by  these  specs,  such  as  fail  safety,  reliabi¬ 
lity,  low  vibration  and  low  noise,  high  working  temperature,  invulnerability  and  maintainability.  Of  course 
combined  with  a  low  weight  characteristic. 

A  detailed  analysis  is  carried  out  to  identify  the  guidelines  for  obtaining  the  best  compromise  among 
the  above  listed  requirements,  by  applying  a  proven  philosophy.  The  advantage  of  a  reliable  system  capable 
of  detecting  failures  in  progress  within  the  gearbox  is  also  underlined  as  it  can  be  a  key  point  in  defining 
the  final  design  resulting  from  the  optimization  procedure. 

FOREWORD 

FIAT  AVIAZIONE  participated  in  the  last  thirty  years  with  a  number  of  partners  to  many  programs,  with 
the  task  of  studying,  designing,  developing  and  manufacturing  transmissions,  especially  conceived  for  ae¬ 
ronautical  applications  or  requiring  similar  technologies. 

To  be  short,  among  the  most  important  programs  ««  refnind  : 

-  The  main  transmissions  for  SUPERFR6L0N,  PUMA  and  OAltPHIN  helicopters  with  AEROSPATIALE. 

-  The  transmissions  for  propellers  and  lift  fans  applied  on  French  Hovercraft  N  500  with  SEOAM. 

-  The  transmissions  to  accessories  for  the  new  PRATT  4  WHITNEY  PW  2037. 

-  The  transmissions  to  the  main  drive  and  to  the  accessories  for  PRATT  ^  whitney  of  cattada  PT68-36. 

Finally  we  Just  started  now  the  work  on  transmissions  for  the  engine  lAE  V  2500.  we  don't  mention  here 
the  programs  for  which  we  Just  produced  the  transmissions  or  under  licence  (as  for  the  Italian  Aviation  Mi¬ 
nistry),  or  Subcontracted  directly  by  the  leader  Firms. 

The  wide  experience  obtained  in  such  a  long  period  of  working  in  the  field  of  transmissions  for  aerorau 
tical  applications  gave  us  the  opportunity  to  live  the  evolution  and  the  refinement  of  the  specifications 
imposed  during  the  years  on  the  transmission  designer. 

It  is  interesting  to  note  that  the  specifications  dating  back  20  or  more  years  just  asked  for  a  tran¬ 
smission  capable  of  running  under  the  imposed  loads,  while  the  modern  specifications  establish  a  number  of 
conditions  detailing  how  the  transmission  shall  run. 

We  can  try  to  list  the  most  important  characteristics  th.it  should  be  offered  by  the  new  designs  of  tran 
emissions  : 

-  fail  safety 

-  reliability 

-  low  vibration  level 

-  low  noise  generation 

-  high  working  temperature 

-  running  capability  in  no  oil  condition 

-  invulnerability 

-  maintainability 

together,  of  course,  with  an 

-  extreme  lightness 

of  the  assembly,  as  usual  for  aeronautical  applications. 

So  the  designer  of  new  transmissions  becomes  more  and  more  constrained  within  a  number  of  different  ties: 
he  needs  a  clear  understanding  and  knowledge  of  the  state  of  the  art  in  order  to  achieve  the  best  compromi¬ 
se  among  the  specified  characteristics. 

FAIL  SAFETY 

Every  time  and  item  i*’  introduced  into  the  general  design  of  a  system  the  designer  must  ask  himself: 
’'Which  consequence  derives  for  the  system  from  a  failure  of  this  item?". 

The  best  answer  should  be  that  the  failure  can  be  detected  and  shown  to  the  operator,  that  the  effect  on 
the  performance  of  the  system  is  minor  and  that  eventually  the  situation  would  not  deteriorate  to  secondary 
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'najor  failures  c  ausing  the  uf"  t  •  v  iceaDj  I  ity  of  the  system  before  the  operator  can  take  precautions.  This 
ideal  condition,  of  course,  it.  very  often  unpractical  for  mechanical  devices;  the  designer  shall  try  any¬ 
way  to  do  his  best  for  approaching  it  as  much  as  possible. 

A  good  .-xercis*.'  «e  did  in  the  past  has  been  to  cover  the  failure  of  a  transmission  lube  punp  and  of 
relevant  external  piping  and  cooler.  In  fig.  1  we  give  a  photograph  and  a  schematic  diagram  of  the  solu¬ 
tion:  the  pump  n®  1  sucks  oil  from  the  tank,  sends  it  to  the  cooler  and  back  tc  the  filter  and  to  the  lu¬ 
brication  circuit. 

The  pump  n®  2  sucks  oil  at  a  lower  level  than  thn  previous  one  and  normally  sends  it  back  to  the  tank 
through  the  bypass  valve.  In  ^.ase  of  failure  of  the  external  cooler  circuit  causing  loss  of  oil,  the  oil 
level  in  the  tank  would  decrease  to  the  point  that  no  oil  will  be  sucked  by  the  relevant  pump;  ti  e  reduc-^ 
tion  of  pressure  in  the  circuit  will  cause  the  pressure  sensing  valve  to  open  and  let  oil  from  pump  n®  ? 
be  sent  to  filter  and  main  lubrication  circuit  that  will  thus  be  fed  at  a  pressure  lower  than  normal.  The 
fact  that  the  transmission  runs  in  emergency  condition  can  easily  by  shown  to  the  operator  by  pressure  de¬ 
tectors  located  on  the  lubrication  circuit. 

Not  always,  of  course,  the  fail  safety  requirements  are  answered  in  such  an  ideal  way.  The  transmission 
has  a  lot  of  parts  that  cannot  be  doubled  without  an  unacceptable  impact  on  weight;  their  failure  will  cer¬ 
tainly  cause  a  reduc*‘ion  in  the  capabilities  specified  for  the  system.  To  be  more  clear  on  how  to  proceed, 
we  can  say  that  practically  ail  the  elements  in  the  transmission  shall  be  catalogued  under  two  headings  : 

-  vital  elements,  whose  rupture  doesn’t  allow  the  continuation  of  the  mission  or  its  interruption  in  safe 
condition  for  the  crew  and/or  for  the  aircraft. 

-  secondary  elements,  that  are  not  included  within  vital  ones. 

For  the  vital  elements,  the  designer  will  put  his  best  skill  for  covering  the  first  failure  by  a  doubling 
element  or,  if  this  procedure  is  unpractical,  by  assuring  that  the  element  will  not  fail  during  its  service 
life. 

Calculation  or  rig  test  and  accurate  manufacturing  procedure  will  assure  this  capability  (safe  life  ca- 
pab 1 1 i t  y • . 

In  ary  case,  each  element  (vital  or  secondary)  must  be  carefully  studied  in  its  service  ambient,  and  the 
best  devices  nuist  be  adopted  in  order  to  restrict  possible  irrmediate  generation  of  secondary  failures  on 
other  surrounding  vital  elements.  The  operator  shall  be  left  the  time  to  be  warned  about  what  is  going  on  and 
to  conclude  the  mission  in  the  least  risky  way. 

As  ar  example,  we  show  the  result  of  a  study  carried  out  on  epicyclic  stages  applied  on  helicopter  gear 

boxes,  for  increasing  the  fail  safety  of  their  design.  Of  course,  in  this  case,  there  is  no  practical  way  of 

tr-arsfcrr  ing  the  function  of  the  system  to  other  parallel  elements. 

The  designer  must  then  conceive  the  parts  for  a  safe  life  capability  and  possibly  introduce  those  featu 

res  that  increase  the  fail  safety  of  the  group  by  stopping  or  slowing  the  progress  to  secondary  failures  and 

that  warn  the  operator  about  any  inconvenient  being  gererated,  giving  him  the  time  for  taking  precaulionsbefo 
'“o  the  failure  can  proceed  to  a  catastrophic  event. 

We  sunrnarize  in  the  following  table  the  characteristics  or  the  features  »e  suggest  to  introduce  in  the 
design  :  the  reader  can  see  from  fig.  2  how  the  newly  conceived  design  is  better  than  a  15  year  old  design, 
perf'-irmed  when  the  fail  safety  requirements  were  not  given  the  right  priority  by  the  designer. 


Featuron  Suggested  for  improving  the  fail  safety  characteristics 
of  ar  <>picyclic  stage  ap{)ticable  on  an  helicopter  main  transmission 


1,  The  planets  shall  be  fitted  or  trunnions  protru¬ 
ding  f r<5m  upper  plate  of  planet  carrier. 

The  I'Mer  side  of  planet  now  shall  be  complete¬ 
ly  open. 

2.  A  large  volume  shall  be  left  under  the  stage,  li 
mited  in  its  lower  side  by  a  flat  separator. 


3.  The  '■mg  gear  shall  be  centered  in  the  lower  and 
upper  casings. 

4.  The  planet  trunni.)ns  will  have  an  internal  ba«,k 
up  sy'.tem  <.,apable  of  suppcirting  the  plan».’t  in 
case  of  tnunni'.n  failure. 


Remarks 

Any  particle  detached  from  gears  or  bearings  can  be 
easily  evacuated,  thus  reducing  the  risk  of  bigger 
damages  for  the  other  parts  ir  they  were  captured 
within  rotating  gears. 

Any  detached  particle  can’t  contivninate  the  other 
stages  underneath. 

Separation  of  big  chips  will  not  cause  anchor  on 
any  obstacle  with  risk  of  higher  damages. 

This  feature  is  estimated  as  being  a  big  improvement 
Tn  the  old  design  the  planets  are  jammed  in  a  tight 
volume,  thus  rendering  the  evacuation  of  chips  quite 
difficult  and  secondary  effects  highly  probable. 

A  crack  in  the  structure  of  the  ring  causing  its  ope 
ring  ran  he  contained  by  casings. 
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5.  All  lubrication  oil  falling  from  epicyclic  stage 
shall  collect  and  pass  by  a  chip  detector  equip¬ 
ped  with  remote  indication  to  cockpit. 

6.  One  or  more  vibration  pick-up  shall  be  placed  in 
proximity  of  ring  gear  attachment.  Their  signals 
shall  be  analized  and  the  amplitudes  found  for 
given  meshing  frequencies  supplied  to  the  opera¬ 
tor  . 

7.  A  shear  section  shall  be  located  on  main  rotor 
drive  shaft  and  on  drive/s  from  engine/s. 


Remarks 

Any  failure  causing  detachment  of  particles  can  be 
detected  in  its  early  stages  and  the  consequent 
precautions  taken  by  the  operator. 

It  will  be  possible  to  detect  any  failure  causing 
anomalies  in  the  meshing  regularity  (failure  of  any 
severity  going  from  contact  surface  damage  to  total 
detachment  of  some  teeth). 

In  the  case  of  a  sudden  blockage  in  any  part  of  the 
main  transmission,  the  failure  of  shear  sections  a_l 
lows  the  main  rotor  and  some  vital  accessories  to  be 
kept  running  for  a  safe  landing  of  the  a/c  in  auto- 
rotation. 


RELlAdlLlTY 

HeiiabiiiLy  can  be  defined  as  the  capatjility  of  the  transmission  to  perform  according  to  the  specifica¬ 
tion  for  the  given  TBO  Time  Between  Overhauls);  the  more  the  MTBR  (Mean  lime  Between  Removals)  approaches 
the  TBO,  the  more  the  transmission  is  realiable. 

A  definition  like  this  is  very  simple;  the  actions  to  be  taken  and  the  rules  to  be  followed  for  obtain 
ing  the  aim  are  numerous  and  much  less  simple  to  be  written. 

The  way  to  proceed  is  dictated  to  the  designer  by  his  past  successes  or  unsuccesses,  and  as  such  will 
reflect  his  experience,  knowledge  and  personality;  as  such,  the  answer  that  can  be  given  to  a  problem  will 
change  with  the  time  to  reflect  the  sum  of  experiences  the  designer  accumulated. 

It  is  out  of  any  doubt,  then, that  the  more  experienced  is  the  designer,  the  more  proven  and  sound  and 
successful  his  answer  will  be. 

According  to  our  past  experience,  certain  areas  must  be  accurately  checked  when  designing  and  when  ma¬ 
nufacturing  a  transmission,  because  anything  forgotten  in  that  field  can  cause  dramatic  reductions  of  MT3R 
in  service  or  tedious  debugging  procedures  in  dovolcprru'nt. 

Just  for  example,  and  not  with  the  hope  of  being  exhaustive,  »e  list  here  few-  areas  that  require  accu¬ 
rate  thinking  : 

a'  gear  teeth 

-  possible  stress  concentrations  on  teeth  as  a  tunsequence  of 

.  deformation  of  gearshaft  suppont,  under  normal  '■unning  or  test  loads 
.  thermal  expansion  characteristics  of  gear  and  of  suppi^rt  stru<  tune 
.  tolerance  of  features  defining  the  relative  position  of  mating  gear'-, 

-  luhrication  effectiveness  at  the  different  load  and  s{)eed  ratings. 

In  particular  the  high  speed  ratings,  giving  high  sliding  vnlorjty,  and  ft.-  ;  y,  <,pefd  r. it  mgs  that  pos¬ 
sibly  imp<'se  a  load  on  the  teeth  befon’  the  luf''  m -it  i- t  i  at  ri»-t  me  nff,-,  *  iv(  ,  I'e  r.;g.ii'dnd  .is  <  .ipa- 

ble  jf  d<imdgirig  the  t  ^^rt.ir  t  sut  faces, 

-  quality  of  lube  oil  : 

Its  specification  and  brand  should  be  considered  in  order  to  .issurn  it  is  adequate  f'**"  the  application. 
Its  cleanness,  or  its  freedom  frrjm  foreign  partiries  capable  of  damaging  'n.it  ing  i-xith  surfaces,  must 
also  be  regarded  as  an  important  factor. 

-  capability  of  the  manufacturer  to  take  control  and  corrective  actions  on  the  prjcJuCtion,  in  order  not 
to  allow  the  introduction  of  unknown  factors  leading  to  premature  and  random  failures. 

For  this  reason,  it  is  ccxrrnon  practice,  in  manufactur  jnq  of  parts  for  aeronautical  appi  u.al  ion  ,  to  free 
ze  the  procedures  judged  capable  of  affecting  their  final  characteristics  (mainly  heat  treatment  and 
finish  machining  operations'. 

b'  Bearings 

-  choice  of  the  most  adequate  type  and  getxDetry; 

-  correct  interference  with  external  and  internal  seats; 

-  internal  clearance; 

-  correct  position  of  contact  patterns  between  races  and  balls  or  rollers; 
c  )  5pl ines 

-  correct  tooth  geometry  and  adequate  lubrication  for  splines  that  are  movable  under  loads; 

-  adequate  male/femal'-  interference  for  avoiding  relative  movement  on  splines  specifically  designed  for 
being  fixed. 

d )  Freewheels 

-  aliment  on  outer  and  inner  rings; 

-  no  external  load  to  be  applied  on  freewheel; 

-  aboundant  lubrication  to  be  assured  with  oil  having  the  adequate  viscosity  level. 
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e)  General 

-  Very  strict  rules  rnust  be  applied  in  the  allov»ance  for  design  evolution.  As  a  principle,  no  design 
or  manufacturing  procedure  change  shall  be  adopted,  without  first  conducting  a  complete  test  program 
as  an  assurance  that  no  risk  of  performance  decay  will  be  generated. 

-  The  oil  flow  sent  to  the  parts  to  be  lubricated  shall  be  adequate;  an  excess  in  oilflow  will  cause 
frothing  and  high  power  dissipation;  an  insufficient  lubrication  will  cause  an  increase  of  the  local 
temperature  of  sliding  surfaces  to  values  possibily  unacceptable  for  the  material. 

-  Attention  must  be  paid  to  oil  also  for  another  reason;  after  doing  the  functions  it  must  perform  / 2u 
bricating  and  cooling)  it  has  to  be  ducted  as  fast  as  possible  out  of  contact  with  rotating  parts, 
otherwise  in  most  cases  it  will  remain  trapped  within  rotational  elements  that  will  act  as  real  power 
absorbing  hydraulic  brakes. 

-  The  bearing  support  elements  and  the  gearshaft  structure  must  be  so  stiff  that  their  deformation  will 
not  significantly  change  the  geometry  and  the  behavior  of  mating  teeth  under  all  the  excursion  of  ap¬ 
plied  loads. 

-  The  most  risky  natural  frequencies  of  the  transmission  and  of  relevant  supports  must  be  sufficiently 
far  away  from  possible  excitations. 

LOW  VlBRATIChJ  LEVEL  AND  LOW  NOISE  GENERATION 

Vibration  and  noise  are  generated  by  the  transmission  housing  structure,  mainly  excited  by  load  varia¬ 
tions  in  the  gear  meshing. 

It  is  certainly  important  to  act  on  the  way  these  loads  are  transmitted  to  the  structure  in  order  to 
reduce  their  effect  by  : 

-  choosing  a  convenient  shape  and  dimension  of  the  structure  in  order  to  avoid  any  natural  frequency  to  be 
excited  by  meshing  frequency. 

A  very  effective  method  we  use  in  FIAT  for  detecting  the  natural  frequencies  of  a  given  structure,  other 
than  the  calculation  when  the  structure  is  sufficiently  simple,  is  the  holography  method  using  laser  light. 
In  fig.  3  wc  give  an  example  of  the  procedure  :  first  a  scan  of  the  vibration  amplitudes  for  a  constant 
exciting  power  gives  the  natural  frequencies;  then  the  hologram  taken  for  each  of  those  frequencies  offer? 
the  shape  of  the  relevant  modes.  The  actions  for  displacing  the  value  of  natural  frequencies,  if  required, 
can  then  be  taken  with  a  better  knowledge  of  the  real  situation. 

-  introducing  dampers  that  would  absorb  part  of  the  total  energy  introduced  by  the  vibration  sourer. 

-  applying  extra-masses  in  convenient  points  as  a  last  chance  possibility  for  dropping  the  natural  fr<»q,i<in- 
cy  of  the  structure  out  of  the  exciting  load  frequency. 

Clearly  the  first  action,  although  difficult  to  be  performed,  gives  the  best  results  because  it  allows 
at  least  a  partial  solution  of  the  problem  with  a  minor  impact  on  weight. 

we  must  recognize  anyway  the  most  logical  way  to  proceed  is  to  face  the  problem  directly  in  its  origin, 
the  gear  meshing.  Here  a  lot  of  work  can  be  done,  that  can  save  more  costly  interventions  on  external 
structures.  The  action  to  be  taken  shall  be  in  the  sense  of  reducing  possible  changes  in  the  actual  tran¬ 
smission  ratio  of  meshing  gears  or  along  the  contact  on  the  same  tooth  pair  or  in  the  passage  to  subsequert 
pairs. 

Many  authors  have  identified  which  actions  must  be  undertaken  : 

-  to  increase  the  total  contact  ratio  by 

.  ircreasing  the  addenda  of  spur  gears  {HCR  or  high  contact  ratio  gears,  having  the  profile  contact  ratio 
higher  than  2,  are  defined  with  this  aim'. 

.  increasing  the  helix  or  spiral  angle  and .part  if u iar  1 y  for  bevel  gears,  assuring  the  largest  possible 
dynamic  contact  pattern  between  meshing  teeth. 

.  reducing  the  pressure  angle. 

.  increasing  the  number  of  teeth  (by  using  a  finer  pitch' 

-  to  improve  the  accuracy  by  reducing 

.  relative  position  of  tooth  profiles, 

.  position  of  teeth  relative  to  gearshaft  support? 

-  to  modify  the  involute  profile  for  avoiding  that  position  errors  and  deformations  of  teeth  under  load  cau 
se  sudden  engagement  of  teeth,  thus  generating  heavy  shocks  on  the  ge? 'shaft  supports. 

-  to  reduce  the  pitch  line  velocity  by  reducing  the  diameter  of  gears. 

Attention  must  be  paid  to  the  fact  that  any  decrease  in  diameter  will  ask  for  an  increase  of  gear  face 
width  :  this  will  require  closer  tolerances  on  alignent  of  the  pair  for  avoiding  unequal  load  distribu- 
t  ion  along  teeth . 

very  good  results  in  this  field  were  obtained  by  FIAT  with  the  optimization  of  bevel  gears  contact  pattern? 
and  by  adoption  of  HCR  spur  gears.  In  bevel  gears,  for  example,  the  increase  of  the  contact  pattern  area  dp 
monstrated  to  be  a  powerful  way  to  rndufe  noise  and  vibration  on  transmissions.  Of  course  the  manufacturing 
of  a  bevel  pair  becfjmes  more  diffi<ult  than  traditionally  because  : 

-  the  setting  of  the  grinding  mai  hino  must  be  mu(  h  more  accurate 
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-  the  control  of  the  active  surface  shall  be  based  on  sophisticated  procedures. 

we  remind  here  some  possibility  offered  by  numerical  control  machines  capable  of  supplying  a  grid  of 
profile  positions  relative  to  a  given  correct  master  gear  or  by  newly  developped  ma-hines  that  visual 
ze  transmission  ratio  irregularities  of  a  given  pair  or  train  of  gears. 

The  use  of  traditional  contact  pattern  check  with  Tester  Machines  can  only  be  a  side  control  mainly 
adopted  for  checking  the  manufacturing  constancy.  Modern  computer  programs  help  the  Manufacturer  by  suj 
plying  him  the  information  on  how  to  mooify  the  machine  setting  in  order  to  obtain  the  wanted  modifica¬ 
tion  on  the  grid  of  profile  positions. 

Just  as  an  example  of  application  of  this  technique,  in  fig.  4  we  give  the  results  obtained  in  one  appH 
cation. 

-  when  lengthening  and  widening  the  contact  pattern,  it  is  necessary  to  take  care  of  the  effect  this  modi¬ 
fication  can  induce,  consisting  mainly  in  the  frequent  displacement  of  the  contact  pattern  over  the  bor¬ 
ders  of  the  tooth  flank  as  this  effect  can  cause  load  concentrations  with  scoring  leading  rapidly  to  the 
deterioration  of  the  surface. 

For  this  reason,  manufacturing  tolerances  and  mounting  procedures  must  be  kept  under  rigid  control. 

In  fig.  5  we  give  .  example  of  the  contact  pattern  shapes  adopted  in  a  helicopter  gearbox  produced  in 
FIAT  AVIAZIONE,  before  and  after  a  noise  reduction  campaign.  The  obtained  noise  reduction  of  the  stage  is 
of  the  order  of  10  dB  over  100  dB. 

Fig.  6,  instead,  gives  an  idea  of  the  modification  introduced  in  the  epicyclic  stage  of  the  same  gear¬ 
box  by  adopting  HCR  gears. 

The  contact  ratio  went  up  from  1,47  to  ?,04  with  a  noise  abatement  in  the  stage  of  8  d8  over  the  orig^ 
nal  98  dB. 

We  underline  the  care  to  be  taken  in  manufacturing  these  gears.  The  position  error  of  teeth  must  be 
reduced  to  the  minimum  obtainable  with  existing  machine  tools  and  the  profile  must  have  a  correction  capa¬ 
ble  of  assuring  an  adequate  load  distribui inn  on  teeth  along  the  contact  line. 

The  literature  gives  some  other  features  that,  we  recognize,  can  be  useful  in  reducing  the  transmission 
of  vibration  such  as,  for  example  ; 

-  damping  materials  bonded  to  vibrating  surfaces  or  filling  hollow  shafts 

-  vibration  absorber  masses  that  can  counteract  the  vibration  of  the  main  structure,  thus  attenuating  the 
effects  on  the  aircraft  body 

-  enclosures  containing  the  noisy  structure  that  avoid  most  of  the  noise  to  reach  the  surrounding  ambient. 

As  a  principle  these  features  have  never  been  applied  by  us,  mainly  because  they  heavily  impact  on 
weight.  Our  suggestion  is  to  utilize  them  possibly  for  small  corrections  to  be  obtained  lastly  on  a  fully 
defined  design,  when  all  the  previous  possibilities  have  been  evaluated  and  adopted  whenever  convenient. 

HIGH  WORKING  TEMPERATURE 

In  recent  years,  the  working  temperature  in  transmission  gearboxes  showed  a  continuous  trend  to  increa 
se  for  many  different  reasons  that  we  can  refer,  mainly,  to  tne  need  of  weight  minimization.  In  fact,  with 
this  aim  : 

-  gears  are  operated  at  the  highest  possible  stresses,  thus  increasing  the  heat  to  be  dissipated; 

-  the  temperature  of  oil  is  increased  to  the  highest  possible  level  with  the  consequent  possibility  of  re¬ 
ducing  the  dimensions  of  the  heat  exchangers  and  the  quantity  of  oil  to  be  kept  in  oil  tanks. 

Theeffectsof  both  actions,  of  course,  are  beneficial  on  the  weight  of  the  system.  Furthennore,  in 
aeronautical  applications  the  transmission  is  required  to  show  its  capability  to  run,  for  periods  going  up 
to  30  or  60  minutes,  after  leaking  out  the  lube  oil. 

The  high  working  temperature  affects  characteristics  of  metal  structure,  thus  weakening  the  transmis¬ 
sion  elements,  and  reduces  the  effectiveness  of  lubricating  oil,  thus  increasing  the  probability  of  serious 
damages  of  the  parts  :  with  gears  for  example  quite  often,  as  a  consequence  of  the  above  conditions,  pro¬ 
blems  of  scuffing,  spalling  and  scoring  will  arise. 

The  designer  must  therefore  seek  those  design  choices  that  allow  for  a  reduction  of  the  risks  due  to 
high  running  temperature  : 

-  to  use  small  gear  modules  for  reducing  the  sliding  velocity  and  to  study  suitable  profile  modifications, 
in  order  to  reduce  the  combined  effect  of  sliding  velocity  and  high  contact  stresses. 

-  to  adopt  the  most  convenient  type  and  geometry  of  bearings,  considering  the  possible  sliding  effects  of 
rolling  elements  on  races  and  internal  preloads,  as  these  are  major  effects  of  power  loss. 

The  dimensions  and  shape  of  cage  pockets  are  also  important  for  minimizing  the  loads  transmitted  between 
rolling  elements  and  cage.  The  lube  oil  must  be  fed  in  a  convenient  way  for  assuring  that  the  critical 
points  are  reached. 

-  to  define  a  suitable  lubricating  system,  capable  of  keeping  the  temperature  of  sliding  surfaces  in  gears 
and  bearings  within  acceptable  limits  and  of  generating  an  adequate  oil  film  thickness  between  the  mating 
surfaces  with  the  aim  of  preventing  metal  to  metal  contact. 

-  to  adopt  the  adequate  oil  seals  and  possibly  to  assure  their  lubrication  anq  cooling  for  avoiding  the  ra 
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pid  deterioration  of  the  sliding  surfaces. 

All  the  above  points  fix  some  rules  to  be  followed  for  obtaining  a  sound  design,  but  don't  give  any 
possibility  to  go  to  a  temperature  level  much  higher  than  traditionally  experienced.  The  materials  normal 
ly  used  for  gears,  the  well  known  AISI  9310  or  similar  case  hardening  steels,  don’t  allow  to  run  the  tran 
smission  at  temperatures  higher  than  lao^C  for  long  time  without  causing  an  unacceptable  reduction  in  the 
surface  hardness. 

This  phenomenon  becomes  even  more  important  in  the  case  of  running  in  no  oil  condition,  when  the  harde 
ned  surface  can  soften  and  get  destroyed  in  few  minutes, 
we  have  two  answers  for  these  problems  : 

-  to  use  a  nitriding  steel,  that  can  run  at  a  temperature  of  450®C  (against  180“C  max  acceptable  for  case 
hardened  steels). 

The  no  oil  condition  can  then  be  suffered  much  better. 

This  solution  has  anyway  some  disadvantages  caused  by  the  thinner  hardened  skin  that,  especially  for  lar¬ 
ge  and  thin  web  gears,  possibily  doesn’t  give  allowance  for  grinding  after  heat  treatment,  if  a  final  grin 
ding  operation  is  required  by  the  needed  tooth  precision. 

-  to  use  newly  developped  carburising  steels  capable  of  displacing  the  critical  temperature  from  10O®C  up 
to  200^C. 

Among  these  steels,  proposed  by  different  Vendors,  we  have  examined  and  tested  the  following  types  : 

.  VASCO  X  2M  CM 
.  Carpenter  EX  00053 
.  C8S  600. 

All  of  them  offer  a  big  advantage,  even  if  lesser  than  nitriding  steels,  over  the  Alsi  9310  when  running 
without  oil;  for  example  the  curfacc  hardness  remains  higher  than  60  HRC  after  long  soaking  at  temperatu 
res  of  aCO^C. 

The  manufacture  can  take  advantage  of  the  higher  grinding  allowance  offered  by  their  thicker  hardened  skin. 
Some  relative  data  sufficient  for  putting  the  three  steels  in  a  value  scale  have  been  worked  out;  wo  just 
prefer  not  to  give  them  here  officially  because  this  can  be  a  delicate  matter,  influenced  by  the  heat 
treatments  carried  out  by  us. 

At  this  point  of  the  evaluation  of  material  for  gears,  the  next  necessary  step  to  be  made  is  evidently 
on  lubricants.  In  fact,  present  lube  oils  cannot  be  effective  at  tompt?ratures  higher  than  the  m#.-n  t  iorv-d 
180®C.  Now,  as  the  new  gear  materials  give  the  possibility  to  increase  consistent  i  y  the  normal  funninej  t-m 
perature,  a  new  lubricant  capable  of  the  reQuirecS  characteristics  of  stability,  cooling  and  lubricating  ef 
fcctiveness  at  higher  temperatures ,  would  represent  a  great  progress. 

INVULNERABILITY 

Military  requirements  ask  for  tr ansmissi' ns  capan  le  of  surviving  and  working  sat isfactor j l y  for  a  cer¬ 
tain  period  of  time  in  the  case  some  vital  parts  are  damaged  by  impact  of  bullets  or  foreign  objects. 
Possible  ways  that  can  be  followed  in  order  to  assure  an  acceptable  level  of  invulnerability  are  : 

-  to  put  external  protections  on  the  most  delicate  areas,  using  shock  absorbing  walls  capable  of  deviating 
the  bullets  or  absorbing  their  energy.  This  solution  causes  a  weight  growth,  generriJly  not  acceptable. 

-  to  locate  the  transmission  in  the  safest  position,  by  sorrounding  it  with  a  number  of  accessories,  fire 
walls  and  similar  devices  whose  damage  will  not  interrupt  the  vital  functions  of  transmission. 

-  to  properly  shape  the  casings,  in  order  to  avoid  frontal  impact  of  bullets. 

-  to  use  special  materials  for  the  casings  ffor  example  composite  materials'  that  can  suffer,  without  ma¬ 
jor  side  effects,  damages  and  pnrforation  due  to  bullets. 

-  to  oversize  some  parts,  -ike  shafts,  bearings  and  flexible  couplings  or  to  shield  them  with  steel  liners 
if  they  cannot  be  protected  in  other  way. 

-  to  double  some  functions,  with  parallel  elements  in  order  that  the  loss  of  one  device  doesn’t  affect  the 
capability  of  the  other  to  satisfy  the  needs  of  the  mission. 

This  philosophy  has  been  larqf^ly  used  by  us  in  the  definition  of  the  lube  and  heat  exchange  systems.  In 
multiple  engine  hel  iropter<i,  the  solution  of  collecting  the  power  at  the  last  reduction  stage  is  the  loss 
vulnerable  solution  because  darages  caused  on  one  transmission  chain  are  less  likely  to  affect  the  other 
parallel  P' wer  paths. 

The  suggested  precauti'-n  in  this  case  is  to  accurately  study  some  shields  and  baffles  ''apable  to  stori 
the  detached  particles  from  moving  free  inside  the  gearbox  and  danage  the  surrounding  unaffected  parts. 

The  same  philosophy  has  been  ir  defif'jnp  the  suspension  system  of  the  powerplant  enqine  •  Mans 

mission  on  the  A-'C. 

’^Ai,NTAirj;iori  I  rv 

It  rar  bp  cK-firml  at  tho  tin,mi/atior  vf  the  ■'task  of  maintonarce  in  -.ervice".  As  such  t.c  possible 
ways  are  offered  f-.r  achieving  this  gc.ai  ; 

or,  ffl  lowing  the  modern  tendency  of  adopting  the  procedure  of  "maintonance  -.n 


inr  rease  the  T .8.0. 
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condition",  the  MTBR. 

With  such  a  procedure  the  transmission  is  allovkod  to  run  as  long  as  the  rising  of  a  trouble  is  detected. 

Of  course  this  procedure  will  be  fully  and  satisfactorily  adopted  only  if  a  monitoring  system  is  defined, 
capable  of  detecting  the  rising  of  any  inconvenience  and  of  warning  the  operator  about  it. 

At  the  moment,  unfortunately,  this  technology  is  not  completely  developed. 

to  reduce  the  task  necessary  to  perform  inspections  and  revisions  such  as  for  example  : 

a^  to  pi.jt  the  monitoring  instruments  in  accessible  and  visible  location  for  easy  reading  and  monitoring; 

b'  to  design  the  whole  assembly  so  that  it  can  be  split  in  detachable  subassemblies  or  modules  separately 
maintainable . 

The  designer  shall  care  for  making  easily  removable  from  on  board  of  the  vehicle  those  elements  or 
groups,  which  are  more  likely  to  be  damaged  or  deteriorated,  such  as,  for  example,  high  speed  stages, 
free-wheels,  oil  pumps,  filters,  lube  no^^les,  heat  exchangers,  etc-  Ideally  the  intervention  for  main 
tenance  of  these  elements  should  be  carried  out  in  the  simplest  manner,  i.e.  without  requiring  the  re 
moval  of  adjacent  parts,  without  leaving  detached  loose  parts,  without  asking  for  the  use  of  special 
tooling. 

Of  course  the  maximum  advantage  of  modular  maintenance  will  be  obtained  when  the  monitoring  devices 
said  in  a)  above  will  allow  the  identification  of  the  trouble  point,  so  that  the  intervention  will  be 
local;  Our  feeling  anyway  is  that  a  lot  of  development  is  still  to  be  done  in  this  field, 
we  note  here  finally,  while  speaking  about  modularity,  that  this  characteristic  is  highly  advantageous 
also  for  an  easier  overhaul  on  ground  on  the  whole  transmission,  because  it  renders  the  strip  and  re¬ 
build  activity  much  shorter. 

As  an  example  of  application  of  these  concepts,  we  show  an  exploded  view  of  a  gearbox  designed  by 
FIAT  AVIAZIONE,  where  the  extreme  modularity  of  the  whole  design  (see  fig.  7)  can  be  easily  noted. 

OONCLLlSIONT 

The  analysis  of  the  requirements  to  be  satisfied  in  the  design  of  a  modern  transmission  shows  that  the 
choice  of  the  best  compromise  is  really  a  difficult  task  to  be  oerforrrted.  Luckily,  new  technologies  sup¬ 
ply  us  the  possibility  to  improve  the  speed  and  the  reliability  of  analysis  and  to  reduce  the  drafting  time. 

For  a  given  problem,  then,  more  resources  can  he  used  for  increasing  the  number  of  studied  solutions, 
for  deepening  the  relevant  analysis  and  for  comparing  the  results  in  view  of  a  mere  conscious  and  dependa¬ 
ble  final  choice. 

Let's  not  forget  anyway  that  the  improvement  of  technology  will  never  eliminate  the  need  of  the  expe¬ 
rienced  Designer;  only  he, using  Technology  as  a  tool,  will  eventually  be  able  to  impress  the  personality  of 
his  experience  on  the  design. 
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Reference  profile 


tst  machine  setting:  actual  profile 
obtained  versus  the  reference 
profile 


Computer  foreseen  profile  obtained 
with  8  computer  suggested  machine 
setting  variation 


Actual  profile  obtained  with  the 
machine  setting  variation  proposed 
by  the  computer 
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iti'.r  gri<J  terhniqun 


a|  Traditional  Contact  Pattern 


b)  Increased  Contact  Pattern 


PIO.  -  Exarnple  of  dynamic  contact  patterns  obtained  on  a  bevel 
pair  of  a  helicopter  gearbox.  The  noise  abatenier.t  obta^ 
nod  going  frcni  a''  to  bi  is  "10  dB  Over  100  dB 


DISC  I  SSION 


A. Borricn,  J  r 

1  he  dchnilion  ot  ease  depth  (hat  \i«i;  lia\e  mven  et^r'-espotkls  to  the  depth  tit  x^hich  the  hardness  is  52()HV.  Docs  this 
salue  eonie  Ironi  the  normal  speeit'ieaiu>tis  or  from  particular  standards? 

Author's  Kepiv 

I  he  hardness  of  "^2(11  !V  comes  frt>ni  the  specifications  of  the  client,  the  builder.  Personally.  1  prefer  for  high  quality 
e.ise  hardened  materials  (  1  “.i  chri>me.  4.4".,  nickel)  ii  limit  ol  55(d  1\’  tor  the  effective  case  depth. 

B.  A. Shutter.  I  k 

I  he  analvsis  til  this  problem  is  e\en  more  complex  than  the  author  has  suggested.  The  root  stress  fluctuations  which  arc 
experienced  b\  planet  or  idler  gears  are  significantly  different  to  those  of  unidirectionally  loaded  teeth.  In  the  ease  of 
contact  stresses  one  has  to  he  careful  as  to  the  surface  fatigue  initiaium  mode:  many  examples  of  surface  breakdo^  n 
start  as  mieropitting.  In  this  ease,  the  origin  of  the  failure  is  much  smaller  than  the  Hertzian  contact  width.  I  he 
propagation  of  this  damage  is  highly  dependent  upon  the  stress  state  of  the  surface  layers.  Thus,  whilst  the  authors' 
approach  is  considered  to  he  an  excellent  starting  point,  even  more  factors  have  to  be  considered  to  make  full  appraisal 
ol  the  required  ease  definition. 

.Author's  Repl\ 

1  agree  \».ith  the  ptiim  of  viev.  of  Mr  Shi'tter 

But.  nevertheless,  it  cannot  he  contested  that  the  effective  case  depth  on  the  Hanks  and  in  the  hkh  radius  have  a 
different  tiplimum  value  for  endurance  limit  lor  contact  stress  and  bending  stress. 

I  he  actual  information  on  the  drawings  and  in  the  specification  is  often  inadequate. 
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Namely  :  1.  On  the  flanks  a  irdninum  effective  case  depth  larger  than  the  "depth  of 
maxiioin  shear  stress’*  is  asked  but  no  rtaxijrijm  because  this  rraxirrum  does  not  decrease 
the  strength  against  Hertzian  pressure. 

As  you  can  see  in  figure  4.1.1.  we  reach  an  cptimum  at  0.3  modul. 

2.  On  the  30  tangent  in  the  root-radius  -  a  ndniimm  effective  case  depth  of 
0.1  modul  and  a  noxinum  of  0.3  modul  is  asked  because  both  a  bigger  cind  a  smaller 
layer  decrease  the  strength  ageiinst  bending  stress  (figure  4.1,2.). 

So,  for  example  -  taken  in  1.1.  -  we  can  reccfroend  the  following  specification. 


INSPECTION  METHOD  CONTROL 

HARDNESS  DETERMINATION 


1  EFFECTIVE  CASE  DEPTH  X-X  MIN.0.55  mm  MAX  — 

2  EFFECTIVE  CASE  DEPTH  Y-Y  MIN,  0.27  mm  MAX  .  0.45mm 

3  TOOTH  CORE  HARDNESS  MIN,  420  HV  MAX.  480  HV 

4  SURFACE  HARDNESS  MIN  670  HV  MAX.  775HV 

5  SURFACE  HARDNESS  MIN  670  HV  MAX  775HV 

NOTES. 

1  EFFECTIVE  CASE  DEPTH  IS  THE  LENGHT  OF  LINE  X  -  X  OR  LINE  Y-Y 
measured  from  THE  SURFACE  TO  THE  LAST  POINT  TOWARD  THE  CORE 
having  THE  REQUIRED  MINIMUM  HARDNESS  VICKERS  520  HV 

2  LINE  X-X  IS  LOCATED  ON  THE  WORKING  PITCH  CIRCLE,  SQUARE  TO  iHE 
TOOTH  FLANK 

3  LINE  Y-Y  IS  LOCATED  AT  SQUARE  ON  THE  30®  TANGENT  TO  TOOTH 
ROOT  RADIUS 

4  THE  TOOTH  CORE  HARDNESS  fS  TO  MAKE  (N  THE  CENTER  OF  THE  TOOTH 
TO  THE  ROOT  CIRCLE  (ilmm) 

RtltKENCES  :  I.  Beanspruchungsqerechte  fc^tmebehandlung  vot  einsatzgeharteten  tyliidenadem 
K.  BBmicke  1976 

2.  Carburizing  cuid  cautxxiltriding. 

A.S.M.  1977 

3.  ^faschinen-elel^ente  band  II 

G.  Nlerann  H.  Winter  2e  Edition 

4 .  Tandwlelen 

Prof.  R.  Snoeys  Ir.  R.  Gctoin  1979 

5.  Traits  theorique  et  pratique  des  engrenages  1 
G.  Henriot  6e  edition 

6.  I.S.O.  DP  6336 

The  calculation  of  load  ce^city  of  spur  and  helical  gears, 

;cy2lCiWLEI)Qgyrs  :  The  author  is  gratefully  indebted  to  the  following  people  for  valuable  suggestions 
and  help  during  the  project  :  1.  Dr.  J.  Van  Eeghem 

CRTFAttOI  Gent  -  Foundry  research  centre 

2.  Mr.  Philippe  Queille 

L’Alr  Liquide  France  -  Claude  Delorme  research  centre 

3.  Mrs.  Hilde  VJatteeuw 

M.C.  Watteeuw  -  N.V.  -  Brugge  -  Oiality  Control  Laboratory 
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I.S.O.  c«iLy  nientions  that  the  endureuy^e  llMt  for  case  hardened  alloy  steel  is  ap¬ 
plicable  to  an  effective  case  depth  of  at  least  0,1S  nodule  on  a  finished  part-  Ihis 
means,  for  aircraft  quality,  after  grinding  the  flanks  and  the  root-radius. 

According  to  K.  Bomicke  -  the  resistance  against  breakage  in  the  tooth-root  with 
case  hardened  steel  d^jends  on  the  effective  case  depth  in  the  root-radius  -  at  30° 
tangent  (figure  3.1.2.). 


3.4.  ADEQUATE  CASE  DEPTH  TOR  TOOTH  BREAKACE. 


The  figure  below  3,3.1.  shows  very  clearly  the  endur«mce  limit  value  in  function  to 
the  case  depth.  The  optixasn  limit  for  ber^ng  endurance  occurs  when  we  have  a  case 
hardened  layer  0,1  modal.  A  snaller  layer  decreases  the  limit  quickly.  A  bigger 
layer  decreases  the  limit  slowly  till  0,3  modul  and  fron  then  on,  the  limit  decrea¬ 
ses  more  quickly.  The  core  hardness  at  the  rooth-cy Under,  measured  at  the  tooth- 
center,  is  also  very  iirportant  for  the  bending  stress  limit  value. 

Bomicke  and  also  G.  Niarann-H.  Winter  both  agree  cn  the  case  depth  and  the  core 
hardness  to  obtain  a  naxinum  resistance-  Values  of  these  are  printed  in  figure  3.3.2. 


AgcU.n,  three  Uqportant  ooncluslons  are  to  be  nade  : 


1.  A  surface  hardness  of  670-755H_  guarantees  a  maxiirum  resistance  against  tooth 
breakage. 

2.  The  core  hardness  is  an  inportant  parameter  for  the  strength  resistance  of 
gear-teeth.  For  high  quality  alloy  steel  a  core  hardness  of  400-460  must  be 
(Stained. 


3.  The  effective  case  depth  -  measured  in  the  root  radius  at  30°  tangent  -  is 
optirun  0,1  modul  -  but  tray  not  exceed  0,3  m.  A  tolerance  of  0,15  -  0,25 
modul  is  usually  applicable. 


4 .  PROPOSAL  for  SPECTFICATION  of  CASE  DETTH  -  SURFACE  are!  CDRE  HARDNESS  on  CASE  HARDENED  STEEL 
(EARS. 


When  we  put  the  conlclusions  about  the  endurance  limit  for  Hertzian  stress  and  tooth-root- 
stress  together  -  we  see  that  a  different  adequate  case  <lepth  Is  asked. 

Flonh  Root  rodius 
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3.3.  E2®URftNCE  LIMITS  FOR  BE2®ING  STRESS. 


The  ncminal  bending  endurance  limit  takes  into  account  the  infliianoe  of  the  ma¬ 
terial  on  the  tooth  root  stress  witch  can  be  perranently  endured.  A  running  time 
of  3.10”  cycles  is  regarded  as  the  beginrdng  of  endurance  limits. 

The  limit  can  be  found  by  pulsating  tests  or  gear  running  tests  for  any  material 
and  ary  state  of  that  material.  Limiting  values,  obtained  by  field  of  experience, 
can  also  be  used. 

If  such  data  are  not  ax's!] able,  guide  values  can  be  determined  with  the  help  of 
the  fields  in  figure  3.2..  The  here  indicated  values  for  nominal  bending  endur- 
rance  limits  apply  to  the  following  gear  dimensions  at  service  conditions  : 


Module  m  =  3  up  to  5  1 


Helix  angle  =  0* 


Rou^iness  in  the  tooth  root  R. 


“tm 


iOum 


“  Linear  speed  v  =  10  n/s 
-  Faoe^fidth  b  =  10  up  to  50  i 


-  Basic  rack  according  to  I.S.O.  53-1974 
The  values  included  in  the  diagrams  correspond  to  a  failure  prcbablllty  of  1  %. 


N/mm^  N/mm^ 


The  bending  enduranoe  limit  for  case  hardened  alloy  steel,  shown  in  figure  3.2.  has  a 
very  wide  range.  Values  for  go  frcm  650  N/nin2  to  1.300  N/nTO2.  You 

can  find  more  specific  values  in  seme  gear  literature,  such  as  in  the  German  boc^ 
"Machinen-elemente  G.  Nienann  H.  Winter",  fran  which  we  take  the  following  values 
for  "bending  enduranoe  for  case  hardened  steel  (aooordlnq  to  D.I.N.  1  7210). 


DIN  1  7210 
Quality 

16  ftCr5 
15  CrN16 

17  CrNlM:»6 


Core  hardness 

Surface  ►•ardness 

Bending  endurance  limit 

HVjO 

HV} 

static 

270 

720 

860  N/nm^ 

2150  NAto** 

310 

730 

920 

2300 

400 

740 

1000 

2800 

Gears  as  used  for  aircraft  are  of  high  quality  steel,  for  exanpl^  l7CrNiMD6  and 
even  the  higher  classed  14CrNll8. 

Fnr  t-hp  bending  stress  limit  we  lave  the  same  main  influencing  ^actors  to  aim  at 
the  ;^lnutn  as  for  the  contact  stress  limit  (see  text  2.3.). 
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3.2.  METHOD-B  of  the  I.S.O.  APPROACH  of  TOOTH  BREAKAGE. 


Hereby  it  is  assumed  that  the  highest  tooth  root  stress  arises  by 
applying  a  force  at  the  outer  point  of  single  tooth  pair  contact. 


3.2.1.  Tooth  root  stress. 


Kp^  =  Opp  Wherein  :  (11) 


jpQ  :  the  local  tooth  root  stress  defined  as  the 

maximum  stress  at  the  tooth-root  when  loading 
a  flawless  gear  by  the  static  nominal  moment. 

;  application  factor 

:  dynamic  factor 

K  :  longitudinal  load  distribution  factor  for 
tooth-root-stress 


Kp^  :  transverse  load  distribution  factor  for 
tooth-root-stress . 


b  .  m 

n 


.  Y 


S 


Wherein  : 


(12) 


p 

t  :  Nominal  tangential  load. 

b  :  Fac»ri.dth . 

m  :  Module,  normal  section 

n 

Yp  :  Tooth  form,  factor. 

Yg  :  Stress  correction  factor. 

Y 

a  rHelljc  angle  factor. 


3.2.2.  Permissible  tooth  root  stress. 

-  =  V  llg  "ot  ■  ^  :  (U) 

r  min. 


'V  llm. 

lim. 

Y 

•rrel  T 


Y 


R  rel  T 


Y 


X 


!  Nominal  bending  endurcinoe  limit. 

;  Stress  correction  factor,  for  testgear  dimensions. 

:  Life  factor  for  tooth-root-stress  related  to  test 
gear  dimension. 

;  Mininjn  safety  factor. 

:  Relative  sen^dtivlty  factor,  related  to  the  test 
gear  dimension  (takes  into  account  the  notch  sen¬ 
sitivity)  . 

:  Relative  surface  condition  factor. 

:  Size  factor  for  tooth  root  strength. 


3.2.3.  Arithmetic  safety  factor  for  tooth  root  stress. 

On  the  basis  of  the  strength  determined  at  a  test  gear.  The  factors  were 
naned  above. 

-  S  =  >  lim.  •  ^gr  •  .  ^qrel  T  *  ^R  rel  T  * _ \ 

Kft  .  \  .  Kp^  .  Kp^ 


PO  -  B 


(14) 
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So,  the  hardness  gradient  can  be  seen  as  the  limit  of  allowable  shear 
stress.  When  we  study  this  line,  we  see  that  "b"  is  the  zone  where 
pitting  appears  for  case  hardened  alloy  steel,  (see  figure  2.5.b.). 
There  are  three  conclusions  to  be  made  when  we  study  figure  2.5.2.  ; 

le  :  The  surface  hardness  is  less  important  with  respect  to  pitting. 
This  is  the  reason  why  we  can  take  a  bigger  tolerance,  namely 
(zone  "c")  670-775  HVl. 

2e  :  The  effective  case  depth  must  be  larger  than  the  "depth  of 

maximum  shear  stress".  A  bigger  hardened  layer  on  the  flanks 
can  never  be  harmful  or  decrease  the  strength  against  Hertzian 
pressure . 

3e  :  A  higher  core-hardness  can  also  improve  the  strength  against 
Hertzian  pressure.  This  because  the  hardness  gradient  becomes 
flatter.  As  you  can  see  in  figure  2.5.b.,  the  curve  "2"  is 
flatter  than  curve  "1"  and  has  a  higher  llmltvalue  against  shear 
stress. 


3.  CALCULATION  OF  TOOTH  STREGTH 


3.1.  TOOTH  BREAKAGE  and  TENSILE  STRESS  at  the  TOOTH  ROOT. 


In  the  first  place,  gear-teeth  must  be  resistant  against  tooth 
breakage.  This  means  that  there  must  be  enough  resistance,  in 
the  root  radius  against  the  occurring  tensile  stress. 

The  calculation  of  this  resistance  is  based  on  those  used  for  a 
steel  beam,  loaded  on  its  free  end  with  a  force  F, 

In  the  clamped  area,  a  tensile  stress  a.  arises  (figure  3.1.1.). 

A  gear  tooth  is  different  from  a  square^beam  in  form  and  function. 
The  tooth  load  in  case  of  single  engagement,  this  means  that  only 
one  flank  pair  is  in  contact,  Is  shown  In  figure  3.1.2. 

The  tooth  form  factor  Yp  is  the  most  important  parameter  in  the 
calculation  of  tooth  strength.  This  factor  depends  on  the 
Involute  form,  the  value  of  the  root  radius,  the  pressure  angle 
and  the  pressure  angle  of  the  highest  point  for  single  contact. 

As  for  Hertzian  pressure  -  the  tooth  breakage  has  been  studied 
by  I.S.O.  (*)  We  have  accepted  method-B  and  a  copy  of  the  formula 
is  given  as  information.  Further,  we  will  concentrate  o» the  case 
depth  in  the  tooth  root  radius  and  its  relation  to  the  bending- 
endurance  limit 

(I.S.O.  /  DP  6336) 
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Fig  2  4 


Q^Hardness  gradient  after  rollteit 
(Harteverlouf  nach  Pelastung) 

(?)Main  shear  stress  hypothesis 
(Hauptschupspannungshypothesef 
Q)Theorem  of  the  minimum  elastic  energy 
(Gestdlfanderungsenergifihypofhese  I 
(^Reversed  shear  stress  hypofhese 
( Wechselschubspannungshypothese ) 


Further  experiments  have  shown  that  theore  m  of  the  minimum  elastic 
energy  ovg  is  the  most  real  approach  for  the  shear  stress. 

As  already  said  before,  the  yield  point  defines  the  limit  stress  of 
alloy  steel  gear.  The  figure  2.5.1.,  illustrates  the  evolution  of 
shear  stress  and  the  depth  of  maximum  shear  stress  when  the  Hertzian 
pressure  increases.  As  you  can  see,  they  both  enlarge  respectively 
from  ovgl  to  ovg2  and  from  T1  to  T2.  This  means  that  the  depth  of 
maximum  shear  stress  lies  deeper  under  the  surface.  Flank  damage 
or  pitting  occurs  in  the  lined  part  “a"  of  the  curve. 

Trough  hardened  steel 


When  we  make  the  same  exercise  for  case  hardened  alloy  steel,  we 
have  to  take  the  a0,2  limit  as  equal  parameter.  This  because,  as 
said  before,  the  determination  of  the  yield  point  in  a  hardened 
layer  of  case  hardened  alloy  steel  Is  practically  impossible.  o0,2 
Is  the  limit  where  an  Irreversible  deformation  of  0,2  %  appears  in 
the  bending  test,  (see  figure  2.7.) 

It  has  already  been  proved  that  the  curve  of  o0,2  limit  and  the 
hardness  gradient  have  a  paralle’  trend.  For  each  quality  of  case 
hardened  alloy  steel,  there  is  a  correlation  between  the  o0,2  limit 
and  the  hardness  gradient,  (see  figure  2.6.1.  and  2.6.2.  an  example 
for  16  MnCrS  -  K.  Bornl''’'e)  . 
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Fig  2  6  1 


Fig  2  6  2 


TVjo  represent  twD  meshing  gecur  teeth  with  respective  curvllined 

radius  of  p.  and  When  they  are  pressed  together  with  a  load  then 
Hertzian  pressure  and  a  flat  surface  occurs  in  the  oontact  area. 

This  surface  heis  a  value  of  "2a"  (see  fig.  2.1. 

Furter,  we  refer  to  G.  Henriot  »1  and  the  most 
current  theory  about  the  origin  of  pitting. 

The  totcil  flattening,  the  amount 

of  the  flattenings  of  both  gear  teeth,  oti 

the  radius  is  ;  u  =  0,0005  Fnu  with  :  (5) 

Pnu  =  Ncminal  tangential  force  (in  Newton) 
on  the  reference  cylinder,  in  a  trams- 
versed  secticxi  on  the  faceiddth  of 
Imn. 

The  length  of  the  flat  surface 
2a  is  : 


2a  •=  0,063\/Fnu  .  Pr 


'f' 


vherein  :  (6) 


PT  *  relative  profile  radius  and  : 
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(7) 


The  figure  edongslde  Illustrates  the 
different  pressures  in  the  subsurface, 
down  to  the  core  for  cylinder  p_, 
following  stresses  can  be  dis¬ 
tinguished  : 

0  *  with  a  direction  axis  0-Z 
z 

Oy  =  with  a  direction  axis  0-Y 
=  with  a  direction  axis  OX 


Oy  and  =  Ojj  on  the  surface 


oc,  the  shear  stress.  Is  the  result  of 
two  squared  stresses.  This  shear  stress 
is  at  its  naximn  under  an  angle  of  45**, 
with  value  v^ch  is  half  the  difference 
frcm  the  nonnal  stresses. 

The  shear  stress  is  zero  at  the  surface 
and  cones  to  its  maxiiTun  on  tlie  "depth 
of  iraxlrrun  shear  stress"  ^  0,8  a  (6) 


Fig  2  3 
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This  shear  stress  is  very  ijifXDrtant  because  it  is  the  most  important  cause  of 
pitting.  For  case  hardened  alloy  steel,  we  nust  obtain  a  hardened  layer  (eff.  case 
depth)  of  at  least  twice  the  depth  of  naxiJTun  shear  stress. 

Most  publication  stipulate  that  ac  may  not  exceed  the  Yield  point  of  the  used  steel. 
But,  the  detezmlnaticmof  the  Yield  point  In  a  hardened  layer  of  case  hardened  alloy 
steel  is  practically  iiipossible  ! 

Klaus  Bomecke  t2  has  made  a  study  about  the  heat  treatment  of  case  heurdened  cy¬ 
lindrical  gears  and  their  IockI  capacity.  We  have  node  a  suitnary  with  the  most 
Inportant  particulars. 

In  this  exposition,  the  shear  stress  is  a  standard  stress,  which  can  be  dtfined  by 
three  hypothesises  : 

1.  Main  shear  stress  Vsub 

2.  Theoran  of  the  ndnijiun  el^atic  energy 


VG 


3.  Reversed  shear  stress 


vw 


The  ocipariaon  of  these  three  stresses  is  represented  in  fig.  2.4. 
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2.  CALCULATION  OF  SURFACE  DURABILITY  (PITTING). 


2.1.  HE3?rZIAN  PRESSURE 


Pitting  is  snail  material  particles  breaking  out  of  a  tooth  flank,  leaving  pits.  This  flank 
damage  can  be  caused  ty  the  reversed  stress  fatigue  in  the  contact  area  of  underload 
meshing  gear-teeth.  It  arises  v#ien  the  occurring  contact  stress  exceeds  the  allowable  con¬ 
tact  stress  and  depends  on  the  nurrber  of  load  cycles. 

Pitting  principally  appears  in  the  dedendum  flank  where  a  negative  sliding  speed  occurs. 

The  small  pits,  near  the  root  fillet  of  a  case  haniened  tooth  can  becone  the  origin 
of  a  crack  -possibly  leading  to  tooth-breakage.  It  can  also  cause  unacceptable  vlbra- 
ticms  and  excessive  dynamic  overloads. 

For  these  reasons  Pitting  is  intolerable  for  aircraft  gears.  _  — ... 


Fig  2  1 

The  load  cc^?acity  of  tooth  flanks  is  determined  according  to  the  principle  and  formula 
of  HESCrz.  Therefore  contact  stress  is  scmatimes  called  "HEKTZIAN  PRESSURE". 

By  ISO  X  the  basic  Hertzian  fornula  is  elaborated  and  ocf[|)leted  with  all  possible 
factors  vihidtx  can  effect  the  load  capacity  and  surface  durability.  Therefore,  we  take 
this  ^^roach  as  startingpolnt  in  our  furbver  e^lanation. 

Further  we  only  examine  the  endurance  limit  for  contact  stress 
volvement  with  the  "case  depth". 


2.2.  ISO  APPROACH  OF  SURFACE  EXJRABILITY  (PITTING) 


2.2.1.  Contact  stress  (Hertzian  pressure)  at  the  ' 


pitch  circle 


-  Basic  value  of  contact  stre.‘3S 

-  Application  factor 

-  Longitudinal  load  distribution  factor  for  ocmtact  stress. 

-  Transverse  load  distribution  factor  for  ocmtact  stress. 
OjjQ  -  Allowable  contact  stress  (permissible  Hertzian  pressure) . 

-  Dynamic  factor.  _ _ 


-  Zone  factor 

-  Helix  angle  factor 

-  Reference  diameter  of  plnlcxi 

-  Elasticity  factor 


-  Nominal  tangential  load 

-  COTtact  ratio  factor 

-  FaoGwldth 


X  The  calculation  of  load  capacity  of  spur  and  helical  gears. 
(I.S.O.  /  K>6336) 


1.2.  Correc±lve  actions. 

'Hie  following  manufacture-lot  will  now  be  carried  out  with  more  surplus  material 
at  the  tip.  In  the  premac^ilning  we  enlarge  the  outside  diameter  so  that  there  is 
a  surplus  grinding  material  of  0.3  nta  at  the  tip.  On  the  flank  and  in  the  root 
we  ke^  the  surplus  grinding  material  of  0.14. 

After  the  heat  treatment,  with  the  same  cyclus  as  above,  we  obtain  on  the  finished 
gear  an  effective  case  d^»th  of  0.35  irm  at  the  tip,  0,7  nm  on  the  flank  cuid 
0.55  rnn  in  the  root  (see  figure  1.5.  and  1.6.).  We  can  alreac^  see  an  inprove- 
ment  here  of  the  d^th  at  the  tip.  But  we  still  refTBin  0.05  above  the  meudinsn 
limit. 

A  larger  surplus  material  at  the  tip  during  prentac^iining  could  result  in  a  fcur 
too  low  surface  hardness  at  the  tip  of  the  finished  part. 

Stock  qrtndino  material 

_ _ /  Case  dtoth 

- - /  S20  HV  .700 


/  AV- 


Cht  case  depth 


A  second  corrective  action  is  applied  to  the  following  fabrication  lot.  Besides 
enlarging  the  outside  diameter  we  also  modify  the  tooth  thickness  at  the  tip. 
We  realize  this  by  using  a  hc^  with  a  special  basic  profile. 

‘  -  with  a  pressure  angle  of  17®  (Instead  of  20) 

-  a  tooth  thic)e«ss  in  the  root  of  the  gear  unmodified# 

-  the  tooth  thickness  on  the  tip  enlarged  per  flank  to  a  grinding 
surplus  value  of  0.33  nm  (see  fig.  1.7.) 

After  the  heat  treatment  and  finish-grinding  we  cbtain  new  results,  namely 
Eht  tip  a  0.8  flank  =0.65  root  =0.55  nm. 

Now  we  are  all  over  within  the  required  toelerances.  (see  figure  1.7  and  1.8) 
But  did  we  manufacture  a  better  gear  now  ? 

Certainly  not.  In  order  to  prove  this  we  have  to  study  more  thoroughly  the 
theory  oonoemlng  the  load  ce^aaclty  of  gears. 

After  this  (chc^Jter  4)  we  will  try  to  stipulate  a  better  or  more  explicit 
specif icatlcn  about  case  depth  emd  h£ucdness. 


0.33  Stock  grinding  material 

M / 


JS-J 


CASE  DEPTH  ON  FIANKS  OF  GEARS  FOR  HELICDPTE31  (ZARBOXES. 


Mr.  Aridr6  Watteeuw  -  Technical  Director 
M.C.  WOTEEUW  N.V. 

•t  Kloosterhof,  92 

8200  BRUOCE  -  BELGIE 


One  ot  the  most  difficult  aivi  delicate  c^aerations  during  the  manufacturing  process  of  gears 
for  helicopter  gearboxes  and  aircraft  gears  is  the  heat  treatment.  Case  hardened  alloy  steel 
of  high  quality  are  nainly  used  for  aircraft  gears. 

Not  onlv  a  good  structure  in  the  case  hardened  tooth  but  also  the  surface  hardness,  the  core 
hardness  and  case  depth  are  very  iirportant  for  the  loeid  capacity  of  these  gears. 

On  the  drawing  ana  in  the  specifications  belonging  to  it,  values  and  tolerances  have  been 
provided  for  the  above-mentioned  hardnesses.  These,  however,  are  not  always  adequate  to 
guarantee  a  good  manufacture. 


1.  OETEAINED  RESULTS  AND  POSSIBLE  CORRECTIVE  ACTIONS. 


1.1.  OBfOONED  RESULTS. 


In  order  to  make  our  e^gx^sition  more  clear,  we  will  illustrate  it  with  a  practical 
€ucanple. 

Gear  33  teeth  -  modul  1.8l(D.P.l4)  -  20*  pressure  angle  -  0*  helix  angle. 

Material  chemical  ocnpositiOTi  C;0.l6  -  Si  =  0.26  -  Mn  =  0.56  -  Cr  *  1.04  -  Ni  =  4.39 
Tolerances  on  the  drawing  concerning  hardness  and  case  depth  i 
effective  case  depth  minlmjm  0.4  run  maxljiun  0.8  nm  (Eht) . 

Surface  hardness  mlnJjrum  650  HV  Core  hardness  mininun  390  HV  . 

At  first  sight  uhese  are  wide  tolerances  which  can  easily  be  realized.  But  experien¬ 
ce  shows  us  that  ej^eclally  the  case  depth  is  very  often  the  cause  of  problems.  Cer¬ 
tainly  to  keep  up  the  required  tolerance  limits  aXortg  the  v*»ole  toothform,  tip, 
flank  and  root. 

Most  specifications  forget  to  determine  where  the  Eht  has  to  be  measured.  In  this 
case,  rranufacturlr^g  has  to  stick  to  the  limits  of  the  case  depth,  both  at  the  tip, 
flank  and  root. 

I  Convergttion 


Divei'getion 


f.Q  1  1  ^ 


f>Q  11  »  f,g  1  2 

It  IS  a  well-known  pheno.-Rnon  that  during  ‘■he  carburizing  process  the  teeth  of  a 
take  up  more,  but  also  deeper,  carbon  at  the  tip  than  in  the  root.  The  reason 
foi  this  IS  riie  corveruinq  at  the  tip  and  the  diverging  in  the  root  fillet  during 
the  pene»^ rat  ti^n  of  qas  in  the  carburlzinq  process.  As  a  result  of  this  a  carburized 
ir(«  »h**  edf|p  arises  which  does  not  run  parallel  with  the  outer  edge  of  the 

f'  rr.  The  -area  Is  deeper  at  th  tip  and  analler  in  the  root  (see  figure  1.1.) 
mMTkS  'f  several  miarihardness  measurements,  every  0,2  nm  from  the  edge  to  the 
r  r*-,  I  r-kirfinpss  qrailient  can  be  drawn  up. 

♦.ike  the  value  of  520  HV  cis  the  limit  hardness  for  the  effective  case 
lept,  Q;t  I  ,  -we  rjbtaln  three  different  curves, 

TT»'  hht  ’/al  for  the  rreasuratEnts  at  the  tip,  flank  and  iTJOt  radius  cu:e  different. 

■  siae  f  rnu"*’  1.2.). 

v**  rvtuin  t.c>  our  practical  exsiple.  The  aircraft  qear  is  ground  after  the  heat 
♦rea^merT  because  of  precision  reasons. 

Dierefrir  )♦  is  necesswiry  to  foresee  surplus  material  for  c-*lnding  during  pre- 
macluninu,  s.s  well  at  the  tip  and  on  the  flank  as  in  the  foot. 
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DISCUSSION 


R.Battles,  US 

1 .  Arc  the  teeth  tip  radiuses  or  edge  breaks  accounted  for  in  the  2.04  calculated  contact  ratio? 

2.  With  the  involute  lip  or  flank  modifications  is  a  contact  ratio  greater  than  2.00  mainiaine  t  when  operated  at 
reduced  loads? 

Author’s  Reply 

1 .  The  profile  contact  ratio  value  of  2.04  is  the  minimum  calculated  taking  into  account  the  minimum  outside 
diameters  of  mating  gears  and  their  maximum  tooth  lip  chamfers  or  radii. 

2.  Profile  modifications  are  necessary  to  assure  a  smooth  engagement  between  mating  t(K)th  pairs. 

Their  values  (and  tolerances)  must  be  chosen  assuring  that  at  whatever  power  level  the  stresses  are  within  the 
limits. 

It  is  true  that  at  a  certain  point,  when  reducing  the  power,  the  contact  ratio  falls  below  2.00.  That  condition  must  be 
Icx^ked  at,  as  it  is  normally  the  most  stressing  one. 
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SUMMARY 

Data  from  i.  licopter  transmission  efficiency  tests  have  been  compared  to  physical 
properties  of  the  eleven  lubricants  used  in  those  tests.  The  tests  were  conoucted 
witn  the  OH-58  helicopter  main  rotor  transmission.  Efficiencies  ranged  from  S»8.3  to 
98.8  percent.  The  data  was  examined  for  correlation  of  physical  properties  with  elli- 
ciency.  There  was  a  reasonable  correlation  of  efficiency  with  absolute  viscosity  il 
the  viscosity  was  first  corrected  for  temperature  and  pressure  in  the  lubricated  con¬ 
tact.  Between  lubricants,  efficiency  did  not  correlate  well  with  viscosity  at 
atmospheric  pressure.  Between  lubricants,  efficiency  did  not  correlate  well  with 
calculated  lubricant  film  forming  capacity.  Bench  type  sliding  friction  and  wear 
measurements  could  not  be  correlated  to  transmission  efficiency  and  component  wear. 

INTRODUCTION 

In  refs.  1  and  2  results  were  presented  from  efficiency  testing  of  eleven 
different  lubricants  in  an  nH-58  main  rotor  transmission.  The  tests  showed  that  the 
efficiency  ranged  from  98.3  to  98,8  oercent,  depending  on  the  lubricant  used. 
Furthermore,  th?  efficiency  for  a  given  lubricant  showed  an  increase  with  increasing 
inlet  temperature  with  two  exceptions,  where  the  efficiency  decreased  with  increased 
temperature.  Since  temperature  affects  viscosity,  there  was  an  increase  in  efficiency 
with  a  decrease  in  viscosity  for  a  given  Lubricant,  but  no  correlation  among  all  the 
lubricants  as  a  ^^roup  was  found. 

The  generally  high  efficiency  was  no  surprise  since  it  has  long  been  recognized 
that  the  mechanical  efficiency  of  helicopter  power  trains  is  quite  high,  llsu.illy  a 
planetary  reduction  has  3/^*  percent  loss,  and  a  single  bevel  or  spur  gear  mesh  has  1/2 
percent  loss  (ref.  3).  fompared  with  the  large  amounts  of  power  available  from  the 
engines  of  a  helicopter,  it  may  seem  that  fractions  of  a  percent  of  the  power  lost  in 
Che  power  train  path  are  inconsequent  ia’ .  However,  the  impact  of  higher  losses  is  t<> 
require  larger  and  heavier  oil  cooling  systems.  This  effect  adds  to  reduce  helicopter 
payload  and  reduce  survivability  in  a  hostile  area.  Moreover,  when  the  results  t rom 
the  work  presented  in  re.s,  I  and  2  are  considered  where  there  was  as  much  as  50 
percent  variation  in  power  losses  among  the  lubricants  tested,  the  impact  on  oil 
cooler  weight,  size,  and  vulnerability  become  very  significant.  By  proper  selection 
of  lubricant,  the  operating  envelope  and  payload  capacity  of  the  helicopter  can  be 
i mproved . 

There  are  many  factors  which  act  together  in  causing  the  power  loss  in  a 
helicopter  transmission  which  is  a  rather  complicated  assembly  of  gears,  shafts, 
seals,  and  bearings.  In  a  typical  application  it  is  expected  that  sliding,  windage, 
churning  and  pumping  losses  all  play  a  role,  as  do  a  variety  of  physical  parameters  of 
the  lubricant  which  are  important  in  the  particular  mechanism  of  lubrication. 

There  have  been  significant  contributions  to  the  theory  of  power  losses  in 
transmission  components.  Martin  (refs,  4  and  5)  considered  power  loss  between  gear 
teeth.  Townsend,  Allen  and  Zaretsky  (ref.  6)  considered  bearing  power  loss.  Anderson 
and  Loewenthal  (ref.  7)  gave  a  comprehensive  analytical  treatment  of  power  loss  in 
gear  sets,  including  gear  losses  and  bearing  losses.  Townsend  and  Akin  (refs.  8  to 
lO)  have  concluded  that  efficiency  and  cooling  in  gear  sets  is  optimum  with  radially 
directed  lubricant  jets  on  the  exit  side  of  the  gear  mesh.  Murpny  et  al.,  (ref.  11; 
in  their  study  of  low-speed  worm  drives  have  concluded  that  synthetic  oils  with  the 
lowest  traction  coefficients  give  the  highest  efficiencies. 

Tne  effort  described  in  refs.  I  and  2  has  been  continued  by  investigating  the 
physical  properties  of  the  lubricants.  Results  of  the  properties  and  characterization 
of  the  lunricants,  including  pressure- v i scos i ty  and  friction  effects,  are  reported  in 
ref.  12. 

In  view  of  the  aforementioned  progress,  the  objective  of  the  work  presented 
herein  was  to  summarize  and  compare  the  previously  measured  helicopter  transmission 
efficiencies  with  the  newly  available  physical  charact er i st ics  of  the  lubricants. 


20-2 


Spec i f ica 1 ly ,  the  pressure -v i scos i ty  effects  and  the  friction  effects  were  examined 
for  possible  correlation  with  measured  transmission  efficiency.  The  results  of  that 
investigation  are  reported  herein. 

APPARATUS,  SPEflMENS,  AND  PROCEDURE 

Transmission  Test  Stand 


Figure  1  shows  the  NASA  500  hp  helicopter  transmission  test  stand,  which  was  used 
to  run  the  efficiency  tests.  The  test  stand  operates  on  the  "four-square”  or  torque 
regenerative  principle,  where  mechanical  power  is  recirculated  around  the  closed  loop 
of  gears  and  shafting,  passing  through  the  test  transmission.  A  1^9  kW  (200  hp)  SCR 
controlled  dc  motor  is  used  to  power  the  test  stand  and  control  the  speed.  Since  the 
torque  and  power  are  recirculated  around  the  loop,  only  the  losses  due  to  friction 
have  to  be  replenished. 

An  11  kW  (15  hp)  SCR  controlled  dc  motor  driving  against  a  magnetic  particle 
clutch  is  used  to  set  the  torque  in  the  test  stand.  The  output  of  the  clutch  does  not 
turn  continuously,  but  only  exerts  a  torque  through  the  speed  reducer  gearbox  and 
chain  drive  to  the  large  sprocket  on  the  differential  gear  unit.  The  Targe  sprocket 
is  the  first  input  to  the  differential.  The  second  input  is  from  the  upper  shaft 
which  passes  concentrically  through  the  hollow  upper  gear  shaft  in  the  closing  end 
gearbox.  The  output  shaft  from  the  differential  gear  unit  is  the  previously  mentioned 
hollow  upper  gear  shaft  of  Che  closing  end  gearbox.  The  torque  in  the  loop  is  adjust¬ 
ed  by  changing  the  electrical  field  strength  at  the  magnetic  particle  clutch.  The  11 
kw  (15  hp)  motor  was  set  to  turn  continuously  at  70  rpm. 

The  input  and  output  shafts  to  the  test  transmission  are  equipped  with  speed 
sensors,  torque  meters,  and  slip  rings. 

Figure  2  is  a  schematic  of  the  efficiency  measurement  system.  The  system  allows 
the  helicopter  transmission  to  be  operated  in  a  thermally  insulated  environment  with 
:ir’'visions  to  collect  and  measure  Chat  heat  generation  due  to  mechanical  power  Losses 
in  the  transmission.  In  this  schematic,  Che  instrumentation  used  to  measure  torque 
ind  sneed.  and  hence  oower  input  to  Che  test  transmission  is  not  shown.  The  original 
'il-to-air  heat  exchanger  which  is  standard  flight  hardware  was  replaced  with  an  oil- 
to-water  heat  exchanger  so  as  to  allow  more  precise  measurements  of  Che  heat  rejection 
djring  an  efficiency  test  run.  By  using  Che  water  Co  remove  heat,  any  uncertainty  of 
f  h»^  •'orrect  value  for  specific  heat  of  the  oil  was  removed. 

Figure  1  shows  the  test  transmission  mounted  in  the  test  stand.  Figure  4  shows 
r hf‘  test  stand  with  the  insulated  housing  around  the  test  transmission.  Thermocouples 
-►•re  placed  at  various  locations  inside  Che  insulated  housing  to  verify  the  adequacy 
'  t  the  insulation. 

I  est  I.ubr  icants 


All  the  lubricants  were  near  to  the  5  to  7  centistoke  range  in  viscosity  and  were 
malified  for  use  or  considered  likely  candidates  for  use  in  helicopter  transmis¬ 
sions.  All  the  lubricants  were  tested  (ref.  12)  using  new  and  used  samples  after 
completion  of  all  efficiency  test  runs.  Tables  I  to  X,  list  the  test  lubricants, 
their  specification,  basestock  characterization,  physical  properties,  and  chemical 
jn.ilvsis  performed.  The  methodology  used  is  available  in  ref.  12. 

Test  Transm i ss ion 


The  test  transmission  wn.s  the  main  rotor  t  ransm  i  s.s  ion  from  the  U.S.  Army's  OH-5B 
light  observation  helicopter  as  described  in  ref.  13  and  shown  in  Fig.  5.  The  trans- 
7iissi(jn  is  r.ited  for  210  kW  (270  hp)  continuous  duty  and  236  kW  (317  horsepower)  at 
takeoff  for  5  min.  The  lOO-percent  input  speed  is  6060  rpm.  The  input  shaft  drives  a 
19  tooth  spiral  bevel  pinion.  The  pinion  meshes  with  a  71  tooth  gear.  The  input 
pinion  shaft  is  mounted  on  triplex  ball  bearings  and  one  roller  bearing.  The  /I  tooth 
bevel  gear  is  carried  on  a  shaft  mounted  in  duplex  ball  bearings  and  one  roller  bear¬ 
ing.  The  bevel  gear  shaft  drives  a  floating  sun-gear  which  has  27  teeth.  The  power 
is  taken  out  through  the  planet  carrier.  There  are  three  planet  gears  of  35  teeth 
which  are  mounted  on  spherical  roller  bearings.  The  ring  gear  (99  teeth)  is  splineci 
to  the  top  case  and  therefore  is  stationary.  The  overall  ge.ar  ratio  is  17.44:1 
red  uc  t i on . 

The  planet  bearing  inner  races  and  rollers  are  made  of  AlSl  M-50  steel.  The 
outer  races  and  planet  gears,  which  are  integral,  are  made  of  AISI  9310.  The  cage 
material  is  2024-T4  aluminum.  The  gear  shaft  duplex  bearing  material  is  CVM  52CB. 

All  other  bearings  are  made  of  AISI  52100  with  bronze  cages.  The  sun  gear  and  ring 
gear  material  is  Nitralloy  N  (AMS6475).  The  input  spiral  bevel  gear-set  material  is 
AISI  9310.  [.ubrication  is  supplied  through  jets  located  in  the  top  case,  with  circu¬ 
lation  provided  by  an  integral  pump. 
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Test  Procedure 


Before  the  start  of  each  efficiency  test,  the  transmission  and  heat  exchanger 
were  cleaned  out  with  solvent  and  the  transmission  components  were  visually  inspect¬ 
ed.  Gear  tooth  surfaces  were  photographed.  The  transmission  was  then  assembled  and 
mounted  in  the  test  stand  and  filled  with  oil.  The  rig  was  run  briefly  to  check  for 
oil  leaks.  Then  the  loose  fill  insulation  was  added,  filling  the  plexiglass  box  to 
completely  surround  and  thermally  insulate  the  test  apparatus  and  transmission. 

Efficiency  test  runs  were  made  with  the  oil  inlet  temperature  controlled  to  with¬ 
in  less  than  one  degree  kelvin.  Tests  were  run  at  oil  inlet  temperatures  of  approxi¬ 
mately  355  K  (180®  F)  and  372  K  (210®  F) .  The  torque  on  the  input  shaft  was  352  N-m 
(3118  lb-in)  for  each  run.  The  input  speed  was  6060  rpm.  This  corresponds  to  the 
full  power  condition  on  the  test  transmission.  The  oil  inlet  and  oil  outlet  temper¬ 
atures  were  monitored  until  equilibrium  conditions  were  established,  which  generally 
took  about  20  to  30  min.  The  efficiency  tests  were  then  started.  Water  was  collected 
in  the  weighing  tank  and  data  were  recorded  for  total  water  weight,  inlet  and  outlet 
temperatures  for  the  water  and  oil,  and  flow  rate  for  the  water  and  oil.  Vibration 
spectrum  records  were  taken  once  each  minute  for  a  total  test  time  of  approximately  30 
min  for  each  test  temperature. 

After  the  tests  were  completed  the  transmission  was  disassembled,  cleaned  and 
visually  inspected  for  changes  in  the  gear  and  bearing  surfaces,  photographic  records 
were  made.  The  lubricant  was  saved  for  later  analysis.  The  efficiency  was  calculated 
from  the  heat  balance  on  the  water  that  flowed  through  the  heat  exchanger. 

RESULTS  AND  DISCUSSION 

The  experimentally  determined  efficiencies  are  listed  in  Table  XI  and  plotted 
against  oil  inlet  temperature  in  Fig.  6.  The  range  of  efficiencies  varied  from  98.3 
to  98.8  percent.  This  is  an  overall  variation  in  losses  of  almost  50  percent,  rela¬ 
tive  to  the  losses  associated  with  the  maximum  efficiency  measured. 

In  general,  the  higher  test  temperature  for  a  given  lubricant  yielded  a  higher 
efficiency.  The  exceptions  were  with  lubricants  E  and  C,  which  were  different  types 
of  synthetic  lubricant.  Lubricant  G,  being  more  viscous  than  the  other  lubricants 
could  not  be  tested  at  the  targeted  oil  inlet  temperature.  This  was  because  the  heat 
generated  could  not  be  removed  with  the  existing  water/oil  heat  exchanger.  The  test 
temperature  increased  to  378.5  K  with  the  heat  exchanger  at  full  water  flow  capacity. 
At  the  higher  temperature  the  efficiency  for  oil  G  was  consistent  with  the  efficien¬ 
cies  for  the  lower  viscosity  oils.  The  two  automatic  transmission  fluids  (A  and  B) 
and  the  Type  I  Synthetic  Gear  Lubricant  (E)  yielded  significantly  lower  efficiencies 
as  a  group. 

For  meshing  gear  teeth,  pure  rolling  exists  at  the  pitch  point,  with  increasing 
amounts  of  relative  sliding  as  the  contact  point  moves  away  from  the  pitch  point. 
(Based  on  the  research  presented  in  ref.  7,  the  major  power  loss  in  the  transmission 
has  been  determined  to  be  due  to  sliding  in  the  gears  and  bearings.)  For  higher 
amounts  of  sliding  in  an  elastohydrodynamic  contact,  Couette  flow  predominates.  Since 
the  power  loss  for  Couette  flow  with  a  Newtonian  fluid  is  proportional  to  the  absolute 
vi.scosity,  a  possible  correlation  of  efficiency  and  viscosity  was  investigated.  In 
Fig.  7  the  efficiencies  are  plotted  against  the  lubricant  absolute  viscosity  at  the 
inlet  temperature.  The  correlation  of  efficiency  with  viscosity  is  rather  limited. 

It  is  interesting  to  note  that  while  the  Mil-L-7808  lubricant  (lubricant  H)  was  the 
lowest  viscosity  oil,  the  efficiency  was  no  better  than  the  Mil-L-23699  lubricants 
(lubricants  C,  D,  I,  and  K),  By  the  plotted  results,  it  is  clear  that  viscosity 
variation  is  not  the  primary  reason  for  the  varying  efficiencies  between  the  different 
lubricants.  But  there  is  a  general  trend  to  higher  efficiency  for  lower  viscosity  for 
all  the  lubricants  except  C  and  E.  The  slope  of  the  aforementioned  trend  is  identical 
for  a  large  number  of  the  lubricants. 


While  it  is  true  that  the  elastohydrodynamic  lubrication  film  thickness  is  deter¬ 
mined  by  the  fluid  properties  at  the  inlet,  the  traction  and  friction  properties  are 
determined  by  the  properties  within  the  contact  area  itself.  Therefore,  it  may  be 
more  correct  to  use  viscosity  that  is  obtained  from  a  viscosity  equation  that  takes 
into  account  the  pressure  effects  by  using  the  Barus  equation  (ref.  l^)*  A  repre¬ 
sentative  pressure  of  0.6  GPa  was  used  to  correct  the  viscosity  via  the  Barus  re¬ 
lation.  Tne  corrected  viscosity  was  investigated  to  determine  if  a  correlation  with 
efficiency  existed.  The  results  are  shown  in  Fig.  8.  The  correlation  is  better  than 
that  in  Fig.  7  in  that  lubricant  H  is  now  included  in  the  maior  trend  of  decreasing 
efficiency  with  increasing  viscosity  at  contact  pressure  conditions.  Lubricants  C  and 
F  continue  to  have  reverse  trends  from  the  majority  of  other  lubricants.  The  data  for 
lubricants  F  and  C  which  are  the  only  synthetic  hydrocarbon  type  lubricants  are  above 
the  major  trend  line  that  was  fitted  to  the  lubricants. 


In  hydrodynamic  lubrication,  Couette  flow  predominates,  but 
lubrication,  (for  pure  rolling)  Poiseuille  flow  is  predominant, 
the  power  loss  is  proportional  to  the  lubricant  film  thickness, 
correlation  of  efficiency  with  lubricant  film  thickness  forming 
temperature  was  investigated.  The  film  forming  capacity  is  the 
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Therefore,  a  possible 
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viscosity  (at  inlet  conditions)  and  pressure  viscosity  exponent,  each  raised  to  the 
(t.68  and  0.49  power,  respectively  (ref,  15),  Results  that  are  very  similar  to  those 
of  Fig.  7  were  obtained  when  efficiency  was  plotted  against  the  elastohyarodynamic 
film  forming  capacity.  It  can  be  concluded  that  the  correlation  of  efficiency  with 
film  forming  capacity  is  also  rather  limited. 

In  order  to  relate  transmission  efficiency  to  some  readily  measurable  physical 
property  of  the  lubricants,  the  friction  coefficient  of  the  lubricants  was  measured 
using  the  LFW-1  tester  (ref,  12).  There  was  much  scatter  in  the  friction  aata  from 
this  test  (table  X).  The  mean  value  for  friction  was  examined  for  any  correlation 
with  calculated  lubricant  film  thickness  or  viscosity  at  373®  C  and  0.53  GPa  which 
were  the  conditions  of  the  LFW-1  test.  There  was  a  general  linear  regression  trend  of 
increasing  friction  with  increasing  viscosity  which  agrees  with  pure  hydrodynamic 
fluid  flow.  In  addition,  there  was  a  general  linear  regression  trend  of  increasing 
friction  with  increasing  film  thickness  which  agrees  with  the  previously  mentioned 
postulate  of  Poiseuille  flow  in  conjunction  with  elastohydrodynamic  lubrication.  When 
the  efficiency  was  plotted  against  the  mean  friction  coefficient  for  373  K  (212®  F)  it 
was  found  that  a  linear  regression  trend  of  decreasing  efficiency  with  increasing 
fricti>n  coefficient  existed.  However,  there  was  much  scatter  in  the  data.  Addition¬ 
ally,  for  an  individual  lubricant,  efficiency  could  not  be  determined  based  on  the 
LFW-l  type  measurement  of  friction  coefficient.  Furthermore,  severe  wear  was  observed 
on  the  LFW-1  test  specimens.  Visual  inspection  of  the  transmission  components  after 
each  test  run  showed  no  indications  of  wear  or  degradation  (ref.  1).  In  fact,  the 
black  oxide  coating  which  was  placed  on  the  gear  surfaces  during  manufacturing  was 
hardly  worn  off.  Hence,  it  must  be  concluded  that  bench  type  sliding  friction  and 
wear  measurements  cannot  be  correlated  to  transmission  efficiency  and  component  wear. 

It  is  believed  that  the  lower  efficiencies  for  lubricants  A,  B,  and  E  as  well  as 
the  mentioned  reverse  trends  of  lubricants  C  and  E  are  related  to  traction  coefficient 
characteristics  which  are  a  function  of  the  lubricants  non-Newtonian  constitutive 
relations  as  affected  by  lubricant  base  stock  and  additive  package  chemistry.  The 
lubricant  constitutive  relations  were  studied  by  Hdglund  (ref.  16)  and  Kuss,  et  al. 
(ref.  17).  The  lubricant  rheology  study  of  HSglund  was  aimed  at  defining  the  depena- 
ence  of  lubricant  traction  behavior  as  a  function  of  pressure  and  temperature. 
Mttglund's  measurements  (ref,  16)  were  made  for  a  broad  sample  of  lubricants  which 
included  many  of  the  types  used  in  this  study.  The  constitutive  relations  were 
character i zeu  as  follows.  There  was  generally  a  limiting  shear  stress,  beyond  which 
the  fluid  was  unable  to  support  a  stress  that  was  calculated  by  the  Newtonian  expres¬ 
sion  where  stress  is  proportional  to  strain  rate.  There  was  also  a  critical  pressure 
or  "solidification"  pressure  beyond  which  the  lubricant  limiting  shear  stress  increas¬ 
ed  linearly  with  pressure.  The  sol  id i f  icat ion  pressure  increased  with  temperature. 

In  Hfiglund's  study,  the  ranking  of  lubricants  with  increasing  solidification  pressure 
at  373  K  (212*  F)  was  a  synthetic  traction  fluid  (1.07  GFa) ,  a  lithium  soap  grease 
(1.37  (JPa)  ,  three  paraffinic  mineral  oils  (1.48,  1,66,  1.77  C.Pa)  ,  and  finally  the 
synthetic  hydrocarbon  and  synthetic  ester  lubricants  which  did  not  solidify  up  to  the 
limit  of  the  test  rig  (2.2  GPa)  at  the  373  K  (212®  F)  temperature.  These  synthetics 
did  solidify  at  lower  temperatures  which  in  one  case  was  as  low  as  313  K  (1U4®  F)  lor 
a  polvalphaolef in/polyol ic  ester  synthetic  lubricant. 

What  is  significant  about  HOglund's  results  in  relation  to  the  present  study,  is 
that  he  shows  there  can  be  a  large  difference  in  the  manifested  frictional  losses 
among  various  lubricants  at  the  same  pressures  and  temperatures  as  a  result  of  the 
solidification  pressures  being  different.  It  is  believed  that  trie  lower  efficiency 
with  lubricants  A,  B,  and  F  are  due  to  there  being  a  lower  solidification  pressure  for 
these  1 ubr  i can t  s  . 

In  the  study  of  Kuss,  et  al.  (ref.  17)  it  was  shown  that  the  addition  of  9.b 
percent  sulphur  to  a  base  stock  caused  a  drastic  change  in  the  viscosity  versus  pres¬ 
sure  characteristics.  For  the  base  stock,  there  was  generally  an  exponential  trend  of 
increasing  viscosity  with  pressure  up  to  200  MPa  (which  is  as  far  as  the  data  points 
were  taken).  The  addition  of  sulphur  produced  a  knee  in  the  viscosity  versus  pressure 
relation  beyond  which  the  viscosity  increased  even  more  rapidly  with  pressure.  For 
the  range  of  temperatures  298  to  323  K  (77°  to  122®  F)  investigated,  the  knee  in  the 
curve  ranged  from  40  to  190  MPa  (276  to  1310  psi).  What  is  significant  about  this  in 
relation  to  the  efficiency  measurements  presented  here  is  that  the  measured  viscosi¬ 
ties  presented  in  Table  III  and  used  for  the  possible  correlation  in  Fig,  7  are  (or 
atmospheric  pressure  only.  The  viscosity  at  high  pressures  such  as  exist  in  the  gear 
and  bearing  contact  regions  would  be  different,  from  that  calculated  using  tne  pres¬ 
sure-viscosity  coefficient  with  the  Barus  equation.  Hence,  an  improved  correlation 
may  be  obtained  if  the  lubricant  rheological  properties  that  affect  traction  measured 
under  conditions  of  pressure  and  temperature  representative  of  the  efficiency  test 
conditions  reported  herein. 

The  reason  for  the  decrease  in  efficiency  with  increase  in  temperature  for 
lubricants  C  and  F  is  unknown,  but  may  be  related  to  increased  activity  of  the  par¬ 
ticular  additive  packages  at  the  higher  temperatures  which  may  cause  rheological 
changes  in  the  fluid  in  conjunction  with  formation  of  chemically  absorbed  surface 
films.  Lubricant  F  (table  TX)  has  large  amounts  of  chlorine,  zinc,  sulphur  and  barium 
which  are  indicative  of  large  amounts  of  antiwear  and  detergent  additives  being 
present . 
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Tables  VI  to  X  give  Che  comparison  between  the  lubricant  analyses  performed 
before  and  after  the  efficiency  test  runs.  It  is  noticed  that  lubricants  A  and  C 
showed  significant  increases  in  the  iron  content  (table  VI),  Also,  lubricant  E  showed 
a  strong  acid  value  before  and  after  the  test  runs  (table  VII).  These  three  lubricants 
were  among  the  ones  giving  deviant  performances  for  efficiency. 

SUMMARY  OF  RESULTS 


Data  from  helicopter  transmission  efficiency  tests  have  been  reviewed  and  compared 
with  data  characterizing  the  physical  and  chemical  properties  of  the  lubricants  used 
in  the  transmission.  The  transmission  efficiency  tests  were  conducted  using  eleven 
different  lubricants  in  the  NASA  Lewis  Research  Center's  500  hp  torque  regenerative 
helicopter  transmission  test  stand.  The  test  transmission  was  the  OH-58A  helicopter 
main  transmission.  The  mechanical  power  input  to  the  test  transmission  was  224  kW 
(300  hp)  at  6060  rpm.  Tests  were  run  at  oil-in  temperatures  of  355  K  (180®  F)  and 
372  K  (210®  F).  The  efficiency  was  calculated  from  a  heat  balance  on  Che  water  running 
through  an  oil>to-water  heat  exchanger  while  Che  transmission  was  heavily  insulated. 

The  test  lubricants  were  analyzed  for  their  physical  and  chemical  properties.  Newly 
available  data  on  pressure»viscos iCy  characteristics  as  well  as  friction  data  from 
LFW-1  type  testing  were  examined  for  possible  correlation  with  the  efficiency  data. 

The  following  results  were  obtained. 

1.  There  was  a  reasonable  correlation  of  efficiency  with  absolute  viscosity  (cor¬ 
rected  for  temperature  and  pressure  in  Che  contact). 

2.  Between  lubricants,  efficiency  did  not  correlate  well  with  absolute  viscosity  at 
atmospheric  pressure. 

3.  Between  lubricants,  efficiency  did  not  correlate  well  with  calculated  lubricant 
film  forming  capacity. 

4.  Bench  type  (LFW-1)  sliding  friction  and  wear  measurements  could  not  be  correlated 
to  transmission  efficiency  and  component  wear. 
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TABI.K  f.  •  Tf.Sl  I.UBRICANT  TYPES 


I.ubr  leant 
NASA  code 
|(AF1.R[.  code) 

'  S„ 

ec  i  f  iraf 

ion  j 

1 

1  Ceneric  type/Basestock 

A 

1  ( 1  1  ?  •) .- 1 

OKypiiN  II 

AlU-M  ’ 

Automatic  transmiBsion  f lu id/minera 1  oil  , 

H 

DE 

>N  II  <.M 

Al  W-M 

Automatic  t  rantiini  S8  ion  f  1  u  id/miner  a  1  oil  | 

(  1  WjU' 

Mil.-! 

Turbine  engine  oil/est^r  (RE;) 

D 

MI  1,-1 

I’vpe  11  ftynthetic  Ea«  turbine  engine 
oiWester  (?E) 

E 

Formulated  eear  1  ubr  leant /d ibaB  ic  .<  ti 
ester  , 
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(It.'iH) 

NASA  ee.ir  test  lubricant  -  synlh-' 
paraffinic  with  antiwear 
add  i  t  J ves/synt  Eiet  ic  hydrocarbon  (RA«.') 

( iwA'n 

MII.-I 

E<n.-! 

.?lo/,r 

SyntEietic  fleet  engine  oil/mixture  of 

hO  petfent  synthetic  hydrocarbon  (V'AO)  ' 
•ind  /li  percent  ester  (IXP) 

H 

MI!  -1 

-MO" 

TurE'ine  *»ne,ine  oil/fSter  (TMR) 
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) 

.  MU  -1 

Type  11  turbine  engine  oil/miKture  of 

SO  per.  eni  TMP  ester  .and  ‘•0  percent  PE. 
ester 

(U.’pII) 

MU  -1 

-  / 

Type  II  turbine  engine  oil-ester  (PEI)  ' 
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Turbine  engine  o j  1 /mi Kt  ure  nf  *<9  percent 
PE  ester  and  1  percent  ORK  ester  J 

PE  -  ii»*rir  Her  V  C  hr  i  t  'p  I 
TMP  ••  t  r  imei  hy  1  (p  1  pr«-»p.i»ip 
PA'i  -  pii  I  y,!  I  ph.it' I  r- f  i  n 
DF’f  »  1  p»*n  t  r  V  f  h  r  1 1  <>  1 
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TABLE  II.  -  SPECIFIC  GRAVITY  DATA  ACCORDING  TO 
ANSI/ASTM  SPECIFICATION  D-1481,  API 
GRAVITY  ACCORDING  TO  ANSI/ASTM 
^SPECIFICATION  D-1298 
(DATA  FROM  REF.  12) 


Lubricant 

code 

Spec  if  ic 

gravity  at  listed  temp 

API 

gravity 
288  K 

313  K 

355  K 

373  K 

A 

0.8620 

0.8558 

0.8514 

29.8 

B 

.8626 

.8548 

.8546 

29.9 

C 

.  9973 

.  9862 

.9843 

8.2 

D 

.9868 

.9768 

.9746 

9.7 

E 

.  9322 

.9211 

.9201 

17.7 

F 

.8262 

.8108 

.8088 

36.0 

G 

.8629 

.8536 

.8527 

29.6 

H 

.9442 

.9320 

.9313 

15.7 

I 

.9659 

.9568 

.9546 

12.8 

J 

.9856 

.9759 

.9747 

10.1 

K 

.9829 

.9721 

.9725 

10.3 

^ANSI/ASTM,  American  National  Standards  Insti¬ 
tute/American  Society  for  Testing  and  Materials 


TABLE  III.  -  KINEMATIC  VISCOSITY  DATA 
ACCORDING  TO  ANSI/ASTM 
SPECIFICATION  D-4S5 
(DATA  FROM  REF.  12) 


M.ubr  icdnt 
)  code  ' 

V i scos i c  y 

at  listed 

temp.  cSt 

1 

3 1  3'k  ~  j 

[~3^  (f  ~ 

323  H 

A 

37.48  1 

10.48 

7.01 

B 

33.15 

9.64 

6.52  ' 

(• 

26.40 

7.69 

1  5.13 

I) 

26.17 

7.50 

1  5.00  1 

E 

33.91  1 

8.91 

1  5.87  ; 

F 

28.01 

8.15 

.  5.36 

C 

.*6.65  1 

15.05 

1  9.83 

H 

13.  16 

4.71 

1  3.38 

I 

24.19 

,  7.18 

'  4.85 

.) 

24.76 

7.23 

'4.89  1 

...  ^  1 

1  26.39 

i  J 

1 

1  5.09  1 

1  .  ..  J 

TABLE  IV.  - 

SPECIFIC  HEAT  DATA  DETERMINED  B 

DIFFERENTIAL  SCANNING  CALORIMETRY 
(DATA  FROM  REF.  12) 


Lubr icant 

spec i f ic  heat  at 

isted  temperature 

code 

313  K 

173 

613 

K 

1  ';p 

a 

Cp 

rp 

O 

A 

0.42 

0.091 

0.42 

0.I2 

0.44 

0.14 

B 

.60 

.048 

.50 

.051 

.49 

.07 

C 

.  33 

.097 

.  32 

.097  . 

.  12 

.091 

D 

.33 

.071 

.  34 

.072 

.34 

^.084 

E 

.68 

.  1  1 

.  73 

.13 

.  76 

.20 

F 

.  51 

.1? 

,  54 

.13 

.  54 

.  14 

C 

.  50 

.091 

.47 

.058 

.42 

.059 

H 

.  17 

.0  16 

.  30 

.037 

.31 

.094 

I 

.53 

.060 

.4  7 

.0  3^ 

.44 

^.075 

■' 

.47 

.on 

.48 

.0  10 

.69 

.0  10 

.V, 

.073 

.  38 

.0  '6 

L  . 

.16 

.075 

■’For  c  a  Icii  1  .'It  if)n  of  Cp  .and  and  o  (stcf. 
deviation)  one  value,  i  nord  i  n.if  e  I  v  diffe*‘enl  i  r»>m 
the  other*;,  was  di.scarded.  Thus,  four  v.iluos  rather 
than  five  were  iise>i  to  determine  these  data. 


TABLE  V.  -  PRESSURE-VISCOSITY  COEFFICIENTS 
FOR  TEST  LUBRICANTS  EXPRESSED  AS 
RECIPROCAL  ASYMTOTIC  ISOVISCOUS 
PRESSURE  (DATA  FROM  REF,  12) 


Lubr leant 
code 

Reciprocal  asymtotic  isoviscous 
pressure  a* ,  GPa"^  at 
listed  temperature 

313  K 

373  K 

423  K 

A 

15,37 

11.72 

10.22 

B 

14.96 

11.85 

10.34 

C 

11,63 

10.03 

8.81 

D 

12.43 

9.94 

8.71 

E 

15.53 

11.51 

9.88 

F 

13.44 

11.14 

9.53 

G 

13.80 

11,34 

10.36 

H 

11.53 

9.14 

7.95 

I 

12.08 

9.24 

8.34 

J 

11.96 

9.23 

8.30 

K 

11.40 

9.50 

8.32 

TABLE  VI.  -  TOTAL  IRON  ANALYSIS  BY 
CALORIMETRIC  METHOD  (REF,  18) 
(DATA  FROM  REF.  12) 


Lubr icant 
code 

Iron  content,  ppm 

New 

Used 

A 

1 

4 

B 

<1 

<1 

C 

1 

6 

D 

1 

E 

<1 

1 

F 

<1 

2 

G 

2 

3 

H 

<1 

1 

I 

<l 

<l 

J 

<1 

<1 

K 

<1 

L.. 

TABi,E  VII.  -  LUBRICANT  ACID 
ANALYSIS  ACCORD INC  TO 
ANSI/ASTM  SPECIF¬ 
ICATION  D-664 


(DATA  FROM  REF.  12) 


■^Strong  flcid  value  =  /,l 
on  samples 


TABLK  VIII 


PARTICULATE  CONTAMINATION  COUNT  ACCORDING 


TO  SAE  AEROSPACE  RECOMMENDED  PRACTICE 
ARP  !)98A  (DATA  FROM  REF.  12) 


Lubr leant 

c  ode 

r  •  ■ 

Number  of  par t ic les/100  ml 

Particle  sizes 

in  micrometers 

5-1^ 

15-25 

25-50 

50-100 

100 

Fibers 

A 

New 

17 

2 

2 

4 

10 

12 

Used 

4 

1 

6 

7 

11 

10 

B 

New 

6800 

2980 

200 

40 

44 

112 

Used 

^9 

51 

27 

23 

16 

18 

C 

New 

72 

36 

18 

12 

10 

7 

Used 

i* 

1 

2 

1 

5 

9 

D 

New 

685 

275 

35 

22 

15 

20 

Used 

200 

65 

38 

24 

21 

39 

E 

New 

120 

60 

23 

25 

22 

33 

Used 

44 

7 

10 

13 

12 

19 

F 

New 

60 

16 

30 

13 

7 

22 

Used 

475 

8 

2 

5 

' 

52 

C 

New 

49 

39 

45 

38 

34 

78 

Used 

4740 

10 

11 

9 

6 

34 

H 

New 

1780 

72 

45 

40 

25 

32 

Used 

1850 
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108 

60 

52 

62 

1 

New 

54 

23 

17 

16 

4 

19 

Used 

840 

660 

450 

2lo 

80 

120 
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New 

47 

22 

10 

7 

12 

18 

Used 

36 

18 

14 

8 

ll 

29 

K 

New 

185 

175 

100 

70 

35 

45 

Used 

L05 

48 

35 

21 

20 

22 

TAPIf,  IX.  -  WtAK  MF-TAl.S  TEST  RESULTS  IlSINC;  X-RAY 

Fl.lH'RfSi  ENI  F 

FILTER  METHOD 

REF.  19) 

DATA  FROM  REF 
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El emen 
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’  (J.2i 

o.a 

-  ^  5. 91 

l.W 

0.61 

0.  10 

0.  14 
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.17 

I.I2 

'  0.12 

.... 

-  j  .09 
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0. 1 1 
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TABI.K  XI. 

-  MKASUkHiJ  KKFli  lLNl  ILS 

(DATA  FROM  RKF. 
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l.ulir  ic.inc  ' 

K  f  f ic i ency 

*  Inlet  1 emp . 

l'(kJc* 

K 

A 

l).9H24n 
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Figure  L  -  NASA  SOO  hp  helicopter  tranimission  test  stand. 
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figure  2.  -  Schemitic  al  me«uremenl  ^y^Tem. 


Fi<3ure  4.  *  VieM  of  test  stand  showing  insulated  transmission 
fiqure  5.  ■  Vie**  of  test  stand  showiinq  OH*56  transmission  installed.  housing. 
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Fiqure  S.  -  Cross  section  of  GH-58  helicopter  transmission. 


EFFICIENCY.  PERCENT 


Figure  6.  -  Experimental  efficiency  correlated  with  in^ 
let  oil  temperature. 
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LUBRICANT  VISCOSITY.  cP 

Figure  7.  -  Experimental  efficiency  correlated  with 
lubricant  viscosity. 
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LUBRICANT  VISCOSITY.  cP 


Figure  8.  *  Experimental  efficiency  correlated  with  lubricant 
viscosity  at  0. 6  GPa  pressure  and  inlet  temperature  conditions. 
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DISCI  SSION 


R.VN.Snidle,  I  k 

1 .  I  iom  vour  tests,  is  it  possible  to  estimate  the  relative  conlnbuiions  of  liH>th  coniaci  friction,  bearing  frietiiin.  etc.  to 
the  total  povkcr  losses  ' 

2.  In  vour  e.ileulaiu>n  of  eorreeteJ  viseosity".  what  temperature  have  yvui  assumeJ'.’ 

Author's  Reply 

1  References  4.  7  are  iletai/ed  e.xperimentai  and  analytical  studies  of  vanous  components  (such  as  bearings, 

gears,  etv.)  which  generate  power  hiss  contributions.  I  he  details  td  individual  contributions  have  been  examined, 
but  there  is  work  to  d<i  vet.  t  he  lest  rig  described  in  this  paper  has  nt>l  been  used  to  isolate  c<miributions  of 
indiv  idual  components.  1  lowever,  we  have  studied  the  parametric  effects  of  load,  speed,  and  inlet  temperature,  as 
well  as  using  tour  planet  gears  instead  ol  three. 

2.  I'he  temperature  used  w  as  the  inlet  temperature.  We  tried  average  temperature  between  tnlet  and  outlet,  loo.  lint 
the  correlations  thus  obtained  were  much  the  same  as  tluisc  with  inlet  temperature.  It  was  believed  that  the  major 
power  losses eome  Irom  sliding  in  the  bill,  contact,  and  since  the  I  III.  film  thickness  is allecicd  by  inlet 
temperature  that,  therefore,  the  best  temperature  to  use  is  the  inlet  temperature. 


H.I.H.Saravanamuttoo,  C  a 

Would  It  not  he  more  useful  tti  slu'w  results  as  ( I  —  efficiency),  because  this  is  directly  proportional  to  the  heat 
r  ejection A  drop  in  elficiencv  from  to  mav  not  appear  large,  but  results  in  a  increase  in  heat  rejection. 

The  heal  rcicciion  problem  is  extremelv  important  when  considering  the  development  ol  Ingh  power  turboprops. 

Xuthor's  Reply 

W  e  agree  that  ihe  vUita  on  power  loss  could  be  plotted  as  total  heat  rejection  I  he  resulting  plots  may  then  be  more 
dramatic. 


!■  .Saibel,  I  S 

W  ere  ihe  oils  used  in  the  icM  kewionian  ’  It  not.  viscosnv  ahme  is  not  sufficient  to  ehaiacteri/c  the  oil 

Nuthur's  Reply 

1  he  ‘>ils  used  are  comnionlv  tviieved  to  be  Newtonian,  however,  they  almost  certainly  arc  not.  1  he  cvideticc  and 
.issociated  commentary  on  this  are  brought  out  in  the  details  <v|  the  paper,  but  were  not  discussed  m  the  t»ral 
procniation  because  of  time  limiialions  li  is  believed  that  further  work  that  isongt»ing  lodclciminc  the  rchcological 
properties  ot  these  oiK  will  help  e\ plain  Ihe  power  loss  behaviour 


H.K.Keasun,  I  K 

I  think  the  pressiiic  vi^cootv  el  feet  is  important  in  the  present  problem,  lumever  the  pressure  viscosity  index  is  uscif 
ctlccicd  In  temper. iiure.  .ind  this  vaiiati<*n  is  dependent  on  the  parliculai  lubricant  used  II  a  temperature  correction  to 
I  he  index  was  cmf'loved.  it  would  seem  advantageous  to  measure  tins  lempeiature  .iioimd  the  eni  ranee  to  (he 
i.  oit|uiKtion  /one  <  'I  the  meshing  lev  ill  W  as  this  in  tact  done  ' 

Viithor's  RepU 

It  was  .issiimcd  that  ihe  in  let  feinja  mIuic  to  the  I  111  contact  was  the  snme  as  the  inlet  temperature  to  the  transmission 
I  Ills  assumption  is  eo.  )d  (mi  snm.  >  a  the  ci'iHacts.  bur  afmosc  cerf.irnlv  not  for  others.  .  \  component -by  -component 
ucMiini  ol  each  v.on!iibution  tn  he  [’‘iwei  loss  li.is  not  been  ailempltHl  yet.  When  this  is  .•tlemptcd,  we  will  place 
iIk  miiom  Hij^k's  tin  I  'ueli*  'ui  ttie  eeai  t’«'\  in  sir  .iieuic  [U.k  es  ti*  irv  aiut  jict  the  best  estimate  ol  the  inlet  temperature  to  the 
c  aiiuiK  ln  'll  ,il  e.K  li  s  "iiij'*Miit.  ni 


M.RIok.  Nc 

In  I  tic  I  r  1  iciirc  s  ihe  aiiiliMi  s  >ho\\  i  il  that  the  niitotiiu  lion  o|  two  'coriccie'd  "  viscosilv  \iekls  an  overall  eorrelatron  lot 
tile  helicoptci  1 1  .insmis.,!,  .ii  v  oik  er  iied  I’resumablv  there  is  a  vanetv  ol  leasttns  vvhv  even  this  eorrcla(i«'n  is  lar  from 
pelt  cel  tor  uistaiH  e  in  dial  n  .toes  not  result  in  one  single  curve  or  m  a  well  ordered  familv  ol  curves 

\  ma|<  a  le.is*  'ii  is  prcsum.ibS  i<i  f>c  souefu  in  ific  f.K  t  th.ii  in  the  present  (Mper  on|\  ifrc  total  power  hisses  have  been 
deter  mined  and  ili.ii  these  i  on  si  si  ot  v  .ir  imis  eotn[>'  »nents  that  so  lai  are  unknown,  such  as  losses  due  to  tooth  I  net  ion. 

.  lull  nine.  exj^ntsiMii  ot  the  0)1  li  I  ’in  the  lonih  spav.es  m  mesh,  and  beanniz  friction,  whilst  each  com|'oncnl  is  subject  to  its 
.  iwn  indiv  idiial  nuufel  law  \  more  refukvl  v  "f  relafiMn  nr  refit  presurnafdv  he  cslaf^lished  once  the  .lulfior  s  sfioult}  have 
Mil  eeevicd  in  lueakine  vh  -wn  the  loial  losses  inio  itu  m«hv  itinal  coinpvuiciUs  After  ,ill.  aheadv  over  fs  vears  ago  the 
disv  iiss.  >r  .ij'plied  this  dii.  ■  uv  Mfcv.cssliillv  ,is  a  basts  lo  -  vpi  rrmemation  h>f  a  srmria?  purpose  in  ipntc  a  vaiiclv  <4 
auii  •niMhilv.  ir.insiniss),  ,11  and  i<.,ir  axles 
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As  surt’act;  isperity  wavolongths  increase,  their  slopes  reduce.  Thus  ilthojgh  an  pts  or  .j 
rousnness  -ne  isure-nt-nt  will  be  strongly  affected  by  the  long-wavelength  content  of  tne  rojghr.ess,  th*- 
seventy  of  such  asperities  is  relatively  low  and  It  is  important  in  contact  problems  not  to  allow  this 
influence  to  dominate  roughness  data. 

The  problem  is  dipicted  in  Figure  8  where  the  output  from  a  stylus  measuring  device  is  compared 
with  the  relative  roughness  seen  by  a  Hertzian  contact.  Just  as  with  the  plasticity  index  applied  to 
short  wavelength  features,  where  the  asperities  are  sharp  enough  to  plastically  deform  under  almost  any 
load,  a  similar  long-wavelength  conformity  index  will  exist,  where  a  contact  can  accommodate  the 
1  ong-wavelengt'n  height  variations  by  elastic  conformity,  without  any  change  in  the  applied  load.  Thus 
as  Figure  8  depicts,  the  roughness  a  gear  or  roller  t>earing  contact  experiences,  is  that  range  of 
asperity  wavelengths  which  are  severe  enough  not  to  allow  conformity  to  occur. 

Figure  9  shows  the  contact  of  a  roller  against  a  roller  bearing  raceway  surface  (13).  The  scale  is 
adjusted  to  show  the  effects  of  conformity,  or  non-conformity,  as  the  roller  encounters  a  plastically 
deformed  surface  dent,  which  was  produced  by  a  particle  of  rolled  in  debris  during  the  filtration  tests 
reported  in  (8).  The  Figures  are  produced  by  a  numerical  force-displacement  technique  of  elastic 
contact.  The  results  shown  correspond  to  a  dry  contact  situation  and  variations  In  pressure,  shown  as 
due  to  local  asperity  effects  about  a  mean  Hertzian  distribution,  would  Ikely  be  modified  when  the 
surfaces  are  interspersed  between  a  lubricant  film.  However  with  such  a  film  under  ehd  conditions,  and 
tnerfore  in  a  glassy  state,  it  is  not  clear  to  what  extent  the  film  will  accommodate  the  roughness  by 
similar  local  variations  in  pressure  and  the  formation  of  micro  ehd  films,  or,  whether  side-leakage  of 
lubricant,  on  an  asperity  scale,  would  prevent  micro  ehd  formation,  and  the  roughness  would  therefore 
maintain  Its  identity  through  the  contact. 

Investigating  the  contact  In  this  way  allows  the  use  of  wavelength  and  height  restrictions  to  be 
imposed  on  measurements  of  roughness.  Thus  to  define  a  representatl ve  a  (film  thlckness/rms  roughness) 
value  for  an  ehd  gear  or  roller  bearing  contact,  the  roughness  needs  to  be  defined  as  relative  to  the 
deformed  surface.  This  can  be  achieved  by  high-pass  filtering  the  profile  signal  prior  to  computing 
the  rms  roughness  and  calculating  the  A  value.  This  philosophy  is  not  new,  beaver,  Sayles  and  Thomas 
(iU)  Introduced  the  technique  when  analysing  the  performance  of  taper  roller  bearings  oi-?rating  under 
partial  ehd.  They  showed  that  by  filtering  the  roughness  profiles  at  a  wavelength  equivalent  to  the 
Hertz  contact  width,  much  better  agreement  was  ahcieved  between  electrical  contact  resistance 
measurements  and  surface  contact  theories  based  on  the  calculated  A  values.  The  same  philosophy  was 
later  applied  successfully  to  several  surface  contact  related  problems  (  ),  and  the  term  "functional 
filtering"  was  adopted  to  described  the  technique.  This  functional  filtering  concept  has  been  taken  a 
step  further  In  this  paper,  which  should  lead  us  to  a  better  definition  of  the  roughness  and 
performance  of  gear  and  bearing  contacts. 
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,  the  non  dimensional  radius  of  the  pressure  distribution  and. 


,  the  non  dimensional  normal  displacement.  Also 


F(j<)  -  (l-k*Sln*0)»  d0-(1-k*)  / 


o  [l-k*Sin*6]j 


(6) 


Expression  6  now  relates  the  difference  in  elastic  surface  displacements,  to  the  size  of  the 

pressure  distribution,  k.  The  integrals  in  equation  6  are  elliptical  intep^als  of  the  first  and  seconc" 
type,  hence  their  values,  for  a  given  value  of  k,  may  be  looked  up  in  tables.  Figure  il  represents  the 
values  of  the  rhs  of  equation  5  for  values  of  k  up  to  1,  i  ,e .  where  the  displacements  at  radius  r  are 
located  at  the  edge  of  the  uniform  pressure.  If  the  value  of  q  used  in  the  analysis  is  set  at  the 
indentation  hardness  of  the  material  being  considered  Figure  11  represents  the  limiting  values  for 
elastic  conformity  around  an  idealised  particle. 


For  a  particular  value  of  k,  essentially  the  particle  radius,  we  can  find  a  limiting  value  of  6r.  a 
measure  of  the  particle  thickness  to  which  the  contact  can  elastically  conform.  For  a  particular  case 
we  can  choose  r  to  be  the  half  width  of  the  gear  or  bearing  contact,  thus  our  conformity  criterion  will 
be  set  to  be  within  the  contact  zone,  all  the  parameters  being  non-dlmenslonallsed  with  respect  to  the 
half  width.  In  real  situations  we  would  be  concerned  with  values  of  k  between  0  to  0.^,  as  at  higher 
values  the  particle  would  be  carrying  a  substantial  amount  of  the  load  and  it  is  unlikely  that  ehd 
support  would  be  available. 

For  particles  that  have  a  size  and  shape  that  would  be  outside  the  elastic  conformity  region  marked 
in  the  figure,  we  would  expect  local  surface  plastic  flow  to  occur  until  the  gear  or  bearing  surfaces 
were  close  enough  together  to  offer  ehd  support,  hence  leaving  permanent  surface  damage. 

This  form  of  analysis  suggests  that  particles  of  particular  shape,  or  aspect  ratio,  are  less 
damaging,  and  that  the  final  form  of  any  particle  softer  than  the  mating  surfaces  will  assume  this 
shape  following  rolling  and  plastic  deformation.  This  could  well  help  to  explain  the  large  amount  of 
"platelet"  debris  found  in  gear  and  bearing  lubricant  systems.  Interpretation  of  this  latter  effect  in 
terms  of  the  contacting  surfaces,  would  suggest  that  debris  dents  would  assiane  shapes  similar  to  the 
deformed  debris,  and  infact  this  is  what  is  seen  In  practice  (8)  and  debris  dents  appear  to  be 
relatively  shallow  compared  to  their  extent  in  the  plane  of  the  surface.  The  analysis  also  helps  to 
explain  why  dents  appear  which  are  much  larger  in  mean  diameter  than  the  lubricant  filtration  system 
would  seem  to  allow,  were  the  particles  to  maintain  their  initial  size  and  shape.  Also  if  the  form  of 
plastic  deformation  we  have  described  is  accepted,  the  volume  associated  with  a  particular  debris  dent 
can  be  used  to  estimate  the  original  mean  particle  diameter,  which  when  compared  to  filter  ratings,  has 
allowed  a  more  sensible  explanation  of  our  earlier  results  (8),  Such  analyses  also  give  use  a  better 
idea  of  the  maximum  size  of  damaging  particle. 
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DISCUSSION  AND  CONCLUSIONS 

The  influence  of  siirface  irregularities  on  component  performance  is  considered  as  a  bandwidth 
sensitive  problem.  The  examples  presented  of  this  approach  range  from  dimensional  tolerance,  where 
long-wavelength  effects  are  important,  down  to  very  short-wavelength  roughness  which  is  shown  to  effect 
the  performance  of  bearing  and  gear  contacts. 

This  ipproach  to  roughness  related  problems  is  shown  to  depend  on  deflrlng  the  wavelength  of 
surface  irregularities  which  are  most  influential,  and  several  new  methoJs  of  arrive  at  this 
information  are  presented. 

Elastic  Hertzian  Contact 

The  first  of  tnese  methods  involves  the  use  of  an  elastic  contact  computer  program  develop- 1  to 
investigate  the  effects  of  debris  indentations  on  fatigue  life.  The  prelimary  results  of  this  w^rw  ire 
shown  to  offer  considerable  potential  in  understanding  and  solving  problems  of  surface  oontai;t.  not 
least  of  which.  Is  the  techniques  ability  to  define  which  surface  feature?  produced  on  a  surfacre  arc 
most,  damaging  to  the  contacting  surfaces. 

3rd  Body  Effects 

A  second,  and  new  approach  to  surface  contact  related  problems.  Is  a  t..eoretloal  definition  of  the 
Influence  of  3rd  bodies  within  Hertzian  contacts.  Third  tx5dy  contact  mechanics  is  a  much  neglected 
area  of  tribology,  and  yet  a  great  deal  of  evidence  exists  to  show  that  effects  such  as  debris 
initiated  fatigue  are  becoming  more  and  more  important,  particularly  as  steel  qualities  continue  to 
Improve.  Our  pr'^llmlnary  analysis  shows  that  permanent  damage  to  g»*ar  and  bearing  surfaces  Is  very 
dependent  on  the  shape  as  well  as  the  size  of  debris  the  contacts  must  accommodate.  Results  from 
previous  filtration  and  fatigue  life  studies  seom  to  confirm  the  general  message  obtained  from  this 
inal  ysl  s  . 
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d  iffi.'-  lo  t.ni3  [.'rL>»jr-L-n  .-.iri  t  ik**  iny  form,  but  is  i-Je.illy  suited  to  accept 

>li  lii  t  i  se.i  iijrfiH:*  vltti.  In*-  ''.rioi;e  of  tn-  roller  dimensions,  roller  position,  elastic 

constants  3nJ  tne  total  nopTiai  force  are  also  input,  thus  allowing  the  pressure  distribution  to  be 
cilcuLited  tne  real  profile  dit  j.  The  authors  believe  that  this  technique  of  loading  real  surface 

profil'-'s  :n  an  elastic  manner  Is  unique. 

Analysis  of  the  pressure  distribution  around  a  real  debris  dent 


The  computer  program  described  has  been  used  to  calculate  the  pressure  distribution  around  a  debris 
dent  produced  during  the  experimental  tests  described  in  (0).  The  values  for  the  load,  Young's  modulus 
and  roller  dimensions  reported  in  (8)  were  also  used  in  order  to  reproduce,  as  nearly  as  possible,  the 
true  experimental  conditions.  Figures  9a,b,c  and  d  show  the  calculated  pressure  distributions 
superimposed  over  the  smooth  case  theoretical  results.  The  diagrams  represent  a  history  of  the  normal 
pressures  as  the  debris  dent  moves  through  the  contact  zone. 

The  results  indicate  that  pressures  in  excess  of  2.5  t'mes  the  theoretical  maximum  pressure  can 
exist  on  the  contacting  surfaces.  The  analysis  of  the  state  ^f  stress  beneath  the  surface  subjected  to 
such  a  pressure  distribution  is  also  being  carried  out  by  means  of  a  finite  element  technique. 
Figure  10  snows  a  preliminary  rerult,  in  the  form  of  a  contour  map  of  shear  stresses  due  to  the 
presence  of  a  dent  in  the  contact.  From  results  such  as  this,  It  seems  clear  that  the  assumption  of  a 
state  of  Hertzian  stress  being  present  In  the  contact  zone  Is  often  inadequate  if  a  true  picture  of  the 
fatique  mechanism  is  to  be  derived.  Furthermore  the  sharp  peaks  seen  in  the  pressure  distribution  can 
be  seen  to  produce  si gnif i cant  I y  high  shear  stresses  close  to  the  bearing  surface.  Such  results  would 
confirm  the  reported  findings  (8,9,n)  that  debris  initiated  fatigue  is  surface  originated,  and  not 
sub-surface,  as  the  classical  analysis  would  suggest. 

The  effects  of  the  presence  of  an  ehd  or  partial  ehd  lubricant  film,  and  the  extent  of  local 
plastic  doformatlcn  are  the  subjects  of  continuing  research  with  this  technique.  Further  research  by 
the  iuthors  is  also  in  hand  on  how  dents  are  actually  formed,  and  it  Is  appropriate  to  explain  some  of 
our  preliminary  theoretical  results  in  this  paper. 

The  Formation  of  Indents 


The  particle  indentation  problem  may  be  considered  as  an  independent  effect  from  the  normal  ehd 
contact,  if  we  can  assume  that  the  load  carried  by  the  particle  is  small  compared  with  the  total  load 
.'arried  by  the  contact.  To  model  the  ef'ect  of  particle  Indentation  the  authors  have  investigated  the 
surface  displacements  due  to  a  uniform  pressure  distribution  which  has  a  circular  plan  form,  thus 
modelling  Idealised  disc  type  debris.  The  analysis  uses  the  well  known  half  space  solution  found  in 
n2).  Although  real  debris  will  not  be  regular  in  shape  a  uniform  pressure  distribution  would  be  a 
'’easonable  approximation  if  the  loads  are  high  enough  to  cause  local  yielding  of  the  particle  and 
bearing  or  gear  surface.  Clearly  to  cause  damage  within  the  contact  region,  there  must  be  permanent 
plastic  deformation,  hence  the  authors  feel  that  the  uniform  pressure  distribution  chosen  is  a  good 
St  art  I ng  pol nt . 

In  the  analysis  we  require  to  find  the  size  and  shape  of  debris  that  can  cause  the  permanent 
deformation  that  has  be>-'n  observed  in  practice,  Figure  U.  In  the  real  case  the  contact  loads  will  be 
supported  by  a  mlxtir*:  of  tne  normal  ehd  load  and  the  load  transmitted  throught  the  debris,  the 
prop<')rtlon  of  these  loads  being  unknown.  However  we  can  assume  that  once  the  surface  deformation,  due 
to  th**  debris,  are  .suen  that  the  fluid  film  can  offer  support,  then  the  rest  of  the  load  will  be  taken 
by  end  support.  Tnuo  the  analy.sl3  is  concerned  with  investigating  the  surface  displacements,  using 
•-.•lastlc  half  space  theory,  to  determine  the  size  and  shape-  of  particles  that  wiu  allow  elastic 
conformity  within  th*'  eh!  nt  act  r^'gion. 

■rom  T  i  ■  wr-  mv*  the  exprersions  for  the  surface  displacements  due  to  a  uniform 
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SURFACE  TOPOGRAPHY  AND  CONTACT  VIBRATION 

The  dynamic  characteristics  of  rolling,  and  rolling  and  sliding  vibration  are  complex,  and  although 
a  large  proportion  of  generated  noise  can  be  attributed  to  rotational  and  cyclic  frequencies  of  the 
mechanisms  involved,  a  good  deal  of  noise  is  generated  by  relative  motion  of  the  Interacting  surface 
topographies  of  the  contacting  components.  Such  effects  are  also  limited  by  bandwidths  of  surface 
irregularities  which  influence  the  frequencies  of  vibration. 

Form  and  Waviness  Effects 

In  the  context  of  a  rolling  bearing  or  gear  we  can  regard  wavlness  as  those  features  of  the  surface 
topography  which  are  prominent  over  a  scale  greater  than  the  Hertz  elastic  contact  dimension 
(Figure  8).  The  significance  of  such  features  can  be  considered  In  the  Ideal  case  In  which  the 
condition  of  full  elastohydrodynamlc  (ehd)  lubrication  exists  (Figure  8).  The  velocity  of  vibration 
normal  to  the  direction  of  motion  is: 


dz  dx  ^ 

dt  *  dx  dt  “  ^  (jy 


(a) 


where  u  is  the  relative  velocity  In  the  direction  of  rolling  and  —  the  slope  of  the  surface  features 

the  rolling  element  encounters.  In  general  slopes  are  relatively  small  on  long-wavelength  features, 
and  consequently  wavlness  feature  only  becomes  a  serious  problem  when  components  possess  relatively 
high  amplitude  features  such  as  chatter  marks. 

Surface  Texture  Effects 


In  a  previous  paper  Sayles  and  Poon  (1981)  defined  surface  texture  as  the  range  of  topographic 
features  which  are  prominent  on  a  scale  comparable  to,  or  less  than,  the  Hertz  elastic  contact 
dimension  (Figure  8).  They  went  on  to  show  that  an  even  shorter  wavelength  demarcation  can  exist  as 
that  at  which  surface  feature  may  geometrically  conform  to  each  other  by  local  elastic  deformation. 
This  demarcation  was  shown  to  be  expressed  approximately  by  a  conformity  parameter  (8),  which  was  used 
in  conjunction  with  the  structure  function  or  correlation  function  to  define  the  approximate  spatial 
size  of  asperity  to  which  conformity  could  be  expected  to  occur. 

When  conformity  does  occur  on  a  repeating  basis,  as  new  surface  elastic  contacts  are  formed  and 
released,  then  noise  will  be  generated.  The  reduction  of  this  form  of  noise  relies  on  knowing  the 
asperity  sizes  which  are  responsible,  and  removing  or  reducing  the  magnitude  of  these  features  during 
the  manufacturing  and  finishing  processes. 

The  concept  of  conformity  is  taken  further  in  Later  sections  of  this  paper,  where  it  is  shown  to  be 
a  more  general  surface  contact  concept,  and  applicable  to  ma.my  more  tribological  problem  areas.  The 
effects  of  the  remaining  non-conforming  asperities,  wear  debris,  and  the  surface  damage  resulting  from 
such  effects  are  also  discussed  more  fully  later  in  the  paper  as  they  represent  topics  of  much  more  up 
to  date  research. 


FATIGUE  FAILURE 

The  analysis  of  rolling  contact  fatigue  has  historically  centred  around  the  assumption  that  the 
contact  pressure  distribution,  can  be  approximated  by  the  seml-ell Iptlcal  distribution  obtained  by 
Hertz  (6),  There  have  been  numerous  fatigue  models  presented,  Poplnceanu  et  al  (7)  compare  a  number  of 
these  with  experimental  data.  In  practice  it  is  found  that  under  service  conditions,  bearings  often 
exhibit  several  different  failure  modes,  and  failure  times  differ  greatly  from  those  predicted  by 
classical  analysis. 

The  presence  of  bl-modal  effects  seen  in  many  of  the  published  Welbull  distributions  for  rolling 
contact  fatigue,  implies  that  there  are  at  le-ast  two  competing  fatigue  mechanisms.  Sayles  and 
Macpheraon  (8)  and  Harries  et  al  (9)  suggested  that  a  bl-modal  mechanism,  can  be  accounted  for  by 
considering  surface,  and  sub-surface,  crack  initiation.  .Gayles  and  Macpherson  (3)  correlated  early 
life  roller  bearing  fatigue  with  the  level  of  cont^imi  nat  ion  present  in  the  lubricant  and  an  important 
c'oncluslon  from  their  work  was  that  It  is  not  the  continued  presence  of  debris  In  the  lubricant,  but 
the  Initial  damage  to  the  be-.i.’ing  surface,  that  leads  to  failure. 

Figure  shows  a  three  dimensional  surf-aee  plot  -jf  a  bearing  surface  taken  from  one  of  the  test 
specimens  used  in  (8).  The  surface  damage  from  the  ’rolled  in'  debris  is  obvious.  Evidence  suggests 
that  such  defects  are  responsible  for  many  of  the  failur'uj  In  rolling  contacts  and  a  great  deal  of 
research  is  in  hand  to  under.3t3nd  the  mechani.gms  involv-*.!. 

One  of  the  essential  aspects  of  this  probUrm  is  understanll  ng  th‘>  1  nf  I  uen  >•  of  such  defects  on  the 
ores.sure  distribution  and  film  thickness  within  a  Merlzi-m  -.•ont -j.'t. .  '.hong  and  H.ali  (10)  have  solved 
the  governing  coupled  ehd  equation,  for  line  conta  -t  ,  with  a  mathematically  idealised  furrow  or 
isperlty,  and  Wedeven  (11)  has  used  an  optr.-'-ai  «hil  te.st  machine  to  measure  departure  from  the  clas3i''al 
EHD  conditions,  caused  by  a  debris  Initiatc’d  dent,  but  to  date,  no  -.vinplete  solution  of  the  problem  h.as 
teen  put  forward.  The  authors  nave  devised  a  numerj  cal  technique,  which  allows  .:.al  eul  at  i  on  of  the 
n  irmal  contact  pressures  for  a  roller  loa-je.j  agaif;st  any  surface  profile.  The  r.'omputer  progr  un 
involved  solves  the  general  ^-dlmen.slonal  dry  •:onta''t  problem,  but  differs  from  prevl.ous  work  as  it 
incorporates  a  specialised  algorithm  to  cope  with  real  rough  .s.irfaces,  and  therefore  .illow  the  app.irent. 
contact  area  to  consist  of  many  Intereiated  conta-’t  siwats. 
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little  to  do  with  the  g-'r.-r' it  i  on  of  end  lubricant  films.  With  this  problem  in  mind,  the  window  must 
concentrat'^  attention  on  tne  snort  spatial  features  which  can  penetrate  the  ehd  film  and  lead  to 
problems  such  as  excessive  plastic  deformation,  noise,  reduced  fatigue  lives  and  scuffing. 

Filters 


Having  defined  the  "window"  or  spatial  range  of  roughness  involved  in  a  particular  problem  both 
analogue  -and  digital  filters  can  be  employed  for  pre-analysis  processing,  but  in  general  digital 
filters  are  the  most  useful.  Many  digital  filters  exist,  the  majority  being  defined  as  analogues  of 
real  time  filters  and  designed  for  harmonic  analysis  where  a  known  frequency  response  is  required. 
Filters  like  this  often  suffer  from  phase-distortion  although  this  has  been  overcome  in  some  cases  when 
formulating  the  digital  analogues  (Whitehouse  (1968)). 

The  earliest  digital  filters  used  for  surface  analysis  were  the  moving  average  type  (Whitehouse  and 
Reason  (1965))  where  a  chosen  length,  say  the  nominal  conatact  length,  is  moved  across  the  surface 
profile  averaging  over  the  length  to  generate  the  low-pass  output.  The  high  pass  output  being  simply 
the  difference  between  that  and  the  original  profile.  Such  filters  have  an  obvious  advantage  as  they 
simulate  quite  closely  the  action  of  components  in  nominal  contact  and  relative  motion.  A  disadvantage 
of  such  filters  is  that  their  characteristics  cannot  be  defined  without  knowledge  of  the  input  signal; 
however,  filters  of  this  type  are  simple  and  fast  in  operation.  Typical  examples  of  the  output  from  a 
cubic  spline  averaging  filter  encorporated  in  the  topography  analysis  software  TPROFK  are  shown  in 
Figure  6. 


SOME  EXAMPLES  OF  TOPOGRAPHY  MEASUREMEN'l  AND  ANALYSIS 

Through  several  examples  we  will  show  how  surface  metrology  can  offer  a  detailed  insight  Into  many 
aspects  of  gear  and  rolling  element  bearing  quality  and  production.  The  examples  are  chosen  firstly  to 
make  use  of  the  techniques  we  have  described,  and  secondly  to  show  how  disparate  scales  of  size  can  be 
treated  in  similar  ways. 


DIMENSION  AND  TOLERANCE 

It  has  been  well  known  for  many  years  that  the  tolerance  of  machined  components  must  be  increased 
with  component  size.  The  reasons  for  this  are  never  clearly  defined  although  in  BSM500  (1969)  it  is 
stated  that  to  some  extent  this  can  be  explained  by  an  increased  difficulty  in  manufacture.  Thermal 
expansion  effects  must  also  be  considered  as  these  increase  with  component  size,  but  are  generally 
small  in  relation  to  tolerance  with  components  below  500mm  diameter.  es«500  gives  empirical  laws  which 
relate  tolerance  to  diameter  and  it  is  quoted  that  these  relationships  are  derived  from  "extensive 
practical  investigations",  but  the  fundamental  reasons  why  this  should  be  so  are  still  somewhat 
obscure.  As  an  example,  a  3cm  diameter  shaft,  produced  on  say  a  lathe,  would  be  associated  with 
tolerance  under  the  ITIO  grade  of  '40um,  whereas  the  same  machine  and  tolerance  grade  allows  a  25cm 
shaft,  84um. 

Section  1.6  of  BS4500  suggests  that  geometry,  form  and  surface  texture  must  also  be  considered  in 
some  circumstances.  We  would  suggest  that  this  is  the  principal  reason  why  tolerance  is  necesary.  The 
increase  in  difficulties  In  manufacture  with  component  size  stated  as  a  reason  by  DS4500  is  simply 
another  way  of  stating  that  all  surfaces  exhibit  a  broad  bandwidth  of  surface  features,  and  that  as  the 
size  Lncrea.se3,  the  number  of  wavelengths  of  potential  surface  geometric  errors  also  Increase. 

With  random  long-wavelength  variations  in  topography,  which  are  outside  the  bandwidth  associated 
with  the  small  scale  machining  marks,  .'layles  and  Thomas  (  1979)  have  snown  that  many  .  urfaoes  exhibit  an 
Increasing  roughes.s  with  lengr.h  wnl  cn  follows  a  common  law  of, 

I  .  K : L)  J  (  n 

wh-'re  0  is  th*^  rms  rovigrirwos ,  in  iri-  length  of  the  surface  and  k  is  cilled  the  "topothesy"  and  is  a 
yjnntint  for  i  given  aurfac"  i' .  In  Figure  7  this  equation  is  idded  to  the  .-imaU  scale  machining 
roughness  and  plorted  igunnt  tne  empirical  equations  governing  toleran'e  grades  IT6-16  of  B5A500 
up  to  ‘/  Omm.  The  p  ir  ir.e' Rqt  and  the  topothesy  are  chosen  so  that  the  curves  overlap,  however  the 
vjLuea  laec  are  typical  nf  m  av-'rage  ground  surface.  The  fact  that  the  curves  do  overlap  Is 
unimportant  other  tnan  it  prov;  ler  the  best  way  of  comparing  the  trends. 

The  agreement  in  trend  is  aupr’ i si ngl  y  good  everi  to  the  extent  of  anticipating  tolerances 
re  julrerr.ent  above  ‘jCOnm  and  giv'>n  by  i  separate  equation  in  B.h'ihOO  which  Is  shown  by  the  dashed  line. 
The  figure  demonstrates  that  for  -i  given  tolerince  grade,  to  miintain  a  constant  grade  of  fit,  we  are 
increasing  the  tolerance  in  the  same  way  as  surface  toprigrahy  is  chan,  Ing.  In  other  words  we  are 

maintaining  the  a-ame  relative  surface  interfai-e  conditions. 

From  a  production  engineering  point  of  view  K'l'iatior.  i  can  be  considered  at  two  different  levels. 
Firstly  it  gives  us  an  insight  into  the  way  in  which  the  incr^-ise  in  tolerance  Is  linked  to  size;  an 
empirical  fact  which  has  long  been  •^st  ibl  i  sh<^d  and  tak«n  for  granted.  Secondly,  and  on  a  more 
practical  level,  it  can  provide*  th«  pr.)du<-tion  fT,girie*-»r  with  a  means  of  monitoring  the  itondltion  of  a 
machine.  We  know  that  mi'Tilnr.s  producing  s-ime  components  can  generate  dlffereing  values  of  k,  and 

therefore  «  is  a  good  m‘M'5  ir^'  T  mr'hin*-*  .'ondl  t  i  on  and  «nvironment.  Thus  in  demonstrating  that  the 
topothesy  '<  can  he  relat'-’d  tc  i  .lass  of  tolerance,  it  seem-S  p'isslble  to  classify  a  machine  qu.illty  in 
t'^rms  of  its  ability  t.)  pr-'diic.*  •’ompcjr.'-‘nts  within  a  glv.*n  tolep-in-’e  grade.  nepi odi r-.  che._'k:3  an  the 
vl  cf  k  f-eirig  prndjr-,.-i,  w-.ull  ils:  c't  };>  a  good  indication  of  the  p:.)t.?rit  t  al  user  life  >f  tne 

mac'hine  . 
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Dg  .in.J  S’"  ir  .7  ya  -i .  Iri  ,i':-T'virig  tnis  w-  will  consider  ill  aspects  of  surface  trjelrology,  from  »t 
trie  lirge  *  n---  r-- ;  at  1  .ir  tetw’-eri  geometric  error,  toierance  and  component  size,  through  i  range  of 

t'.iridwi  Itris  jV  im;-  ’'t.in.'e ,  to  feitorea  on  the  surface  existing  over  linear  dimensions  a  millionth  and 
less  -■>!'  trie  .-onipon-'n’  size. 


H  «■  :  r  IRAPeY  JAN’  INFL’-i-N ';MP...NENr'c  r’JN.'TI-N 

TO  gain  sight  triri.'ugn  m-’trol'gy  w-^  r'‘'‘’;iii  re ,  it  I-.-iSt  initially,  a  complete  record  of  the  boundary 
Oetwoor.  t'le  zornponent  inY  its  s  urr  c  an  1 1  ■‘.gs .  'Jsihg  the  frame  of  referer.c-e  of  each  funttion  -if  tn«* 
j'''npoMer,t  is  1  .^inOcw,  m-ist  -'xamirc--  this  record  for  difforences  between  the  real  compOTients  and  the 
;r.t-.*nJ’>J  geometri:  Shape,  an  1  using  oijr  -xperi eri..‘>^  am  <r'.owl*^age  assess  th*-*  functional  effi  neh'-'y  >f 

AS  an  ex.i:tp;-.-  if  triis  principle  and  why  it  should  necessary,  consider  the  case  of  a  journal 
beiring.  Normally  tno  i.ir.et-^r,  tolerinoe,  and  surface  finish  are  regarded  as  the  essential  quality 
•'''dui.''eT.ent5 .  Under  r.r,e  ngnt  conditions  the  journal  generates  a  hydrodynamic  oil  film  over  a 
Sjt'Stantiai  ^Kirtipn  of  tne  bearing  cl rcamf ererice  and  the  oil  film  thickness  can  be  affected  by  the 
i-^tail  surf.'i.'e  form  ov-t  tne  arc  of  contact  sustaining  the  load.  Therefore  specification  of  the 
iia-ncte''  and  tolerance  .'an  only  satisfy  p.irt  of  tne  geometrical  requirement.  In  this  respect  we  can 
pidte  th«  classic,  but  still  v.-iUd  example  of  three  or  five  point  lobing  giving  a  constant  diameter. 
Even  if  we  could  get  such  1  shaft  to  run  freely  in  a  bearing,  its  ability  to  generate  an  adequate  oil 
film  w.:ui  i  be  in  doubt  and  the  ensuing  pf'oblem  of  vibration  would  almost  certainly  lead  t; 
■1;  f  f  i  cul  1 1  es  . 

The  mess jrem-^nt  of  surface  finish  can  be  criticised  for  completely  the  opposite  reasons.  All 
.Tijrface  measuring  instruments  employ  some  form  of  meter  cut-off  (the  necessity  for  this  will  be 

liscussed  later).  BS  n  314  would  recommend  a  0.8mm  cut-off,  i.e.  variationj  in  surface  height  occurring 
.ver  distinces,  in  the  plane  of  the  3urf.actf,  greater  than  O.Smm  would  be  Ignored  in  the  roughness 

vjlue.  Except  for  very  small  snafts  the  width  of  the  oil  film  would  be  many  times  greater  than  0.8min 
an  1  as  a  consequence  the  roughness  measured  could  be  of  only  secondary  importance  to  the  function.  Tne 
■:ut-off  we  apply  should  Ideally  be  of  aimilar  dimensions  to  the  width  of  the  oil  film,  thus  expressing 

the  roughness  over  the  full  range  to  highlight  where  intimate  surface  contact,  and  as  a  consequence, 

wear,  fatigue  and  other  surface  problems  are  likely  to  occur. 


y’iAo'jREMENT  AND  ANAl.f:!!..' 

Measurement 

To  achieve  this  form  of  analysis  through  measurement  we  must  consi  i«r  geometry  and  surface 

finish  as  the  s.ame  probltm,  they  can  never  be  divorced  in  metrology,  tneir  t.^rmlnology  simply  changes 
the  scale  of  emphasis  to  different  aspects  of  tne  surfae*?  topography.  To  gain  insight  through  detailed 
surface  examinations  we  must  first  collect  a  record  of  tne  surface.  The  computer  based  system 
developed  at  Imperial  Joilege  is  outlined  in  Figure  l,  and  consists  of  t<acttle  surface  measuring 
equipment,  which  In  operation  is  not  uniixe  conv-ant i onal  hi-fi  reproduct i on  systems,  and  connected  to  a 
PDPn/J^  compijter.  The  conput‘»r’  converts  the  -inal-ogue  signal  frixn  tne  ifistrament  being  used  int'.-  a 
dlgltial  record  of  tne  surface.  The  speed  of  s'urf  ice  traversing  is  s^t  to  pnsure  tnat  within  tne 
resolution  we  require  (frfjm  thr  .sampling  Int’^rval  w»  need  r>e’wc-..'n  adjacent  digitised  ordinutes  up  to 
the  total  traverse  length.'  the  signal  reaching  tti*-*  compu* ‘••r  ;.s  a  true  unfiltered  record  of  tne  surfa.ie 
we  are  examining. 

The  computer  .’■.,nv‘'rts  the  msl.'gu-  signal  into  1  seri'/s  of  integer  ntimtKfrs  between  -PQii.S  an  i  *:’0Ub, 
which  represent  .cf  tn^-  sign*),  mi  holds  the.se  1  r;  mem.'.jry  until  traversing  is  complete.  These 

himbers  (ih/n.  .  usually  foufi  1  t  ;  h-j  auf  f :  ci  ••nt  ;  '.'an  thn-r,  b.*  'itored  on  -disc  files  .as  .a  permanent  record 
f  ■^r  fijtur*^  ihilysis.  'ind  ul.ao  plott-’d  'jr,  the  T.)'}  server,  m  various  forms  to  construct  the  .'impllfled 
lurfaoe  pr  .'fil-  cr  ‘^v-n  in  tn-  f  .mm  if  miny  profiles  t-''  re-r;.ristruct  the  whole  surface  (Figure  .:) . 

A-Mlysl_3 

The  mud'^rn  ■.‘omput’'"'  offers  1  miltifud*'’  :f  ways  i  r;  which  dat.a  of  the  form  reprerentlng  a  continuous, 
.jft^n  r  miom  fun-^'i  ^n,  "in  ir.ily:)”-!  v-cry  quitkiy.  Tablp  1  3n’.>ws  the  m.ajor  options  available  through 
tn*'  gene”  il  unalysi  ’i  pr'igr'am  '  TPh  Ft.  '  use.!  for  our  .a.irf.ac”  metrology  research,  'nilth  limited  computer 
storag’’  It.  i.-.;  conv-e’.  i  en*  t-'  w'ot.’  .u:  al  ya-'d  l.itH  t*.  '.IS’’  t;efore  examination.  The  data  can  then  be  mud 
iri  1  lint'‘I  ;ri  t’c'  'J'J'  .-r  printer,  :>:•  cy  j.-te  if  further  softw.are,  any  of  t.ne  require*!  functions 
g--‘n'='”  it*’’ 1  in  be  picK<‘'d  f^jm  the  f  1 1 n;  1  pi>tt'-d  >n  the  VT’d  or  drum  plotter  as  a  permanent  record. 

Th*'  3utnor.-5  tiuv*"  ilS'  devel -..p*-'!  m  jC'’  j  jv.anc’--1  .joftwir"  for  special  applications.  One  example  is 
tn*'  aimui  itl-.n  -.if  elastl-;  conta-t  *'.0, we-n  twe  or  m>re  m.i--’hiri»'d  surfices.  Me.isu:  ^d  or  analysed  surface 
informiticn  .-ir.  b*?  •.’*mbln”d  witniri  *■  h*--  ■;  impu'.er  '*>  » nv-’st  i  gate  th**  effect  of  finishing  and  productlcr. 
pr'!<'*^a.a*'r)  or;  tr.p  i ’^r. ‘T  f  ac*--  ,:"ri-iiti  :•  ilK'-'iy  t>  i-'.-ur  in  practice  'Figure  j).  A  further  exj.mple 
I’-iV'-.lves  the  represent  It  i  on  of  ?-dl  i  ai-.H  I  surf.t'’e  t  nf  irmat  i  on .  Figures  '•*  and  h  show  some  re.siilts 
rr.xrt  software  w®  have  .I'-’v**!  oped  repr*.*3»'nt  i  :5>om>-'tri  views  an!  pr-idu*'*-'  contour  maps  of  surfacey. 

Th»>  Need  f.er  Filtering 

Tnro'ig.ho  it  this  paper  wf*  will  ctjnsider  roughness  -js  «  wavel*^ngtn,  as  we. I  as  a  height  'l«‘pen‘!^nt 
pr^bl*-'!.  F  leh  problem  considered  must  be  view*-:  tnroygh  j  "wirid'jw"  which  detlnes  the  spatial  size  ->f 
surfi^'*'  asperities  influencing  the  problem.  F  r  ‘>xjmpl*’  the  very  short  w.aveiength  roughness  features 
,1  roller  bearing  have  little  influence  e.  th*;  h-irlngs  bol  or  an.-e ,  this  is  mainly  S'.*n3ltlve  to  long 
wivei,*ngth  varlatluns  in  form  and  ’)u*  -f  '••  •  ind'i**s,i .  'onveraeiy  su-.'h  I-Jhg  waveletigt.h  features  hav-? 
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SUMMARY 

The  role  of  surface  roughness  in  rolling  and  rolling  and  sliding  contacts  is  examined  in  the  light 
of  present  concepts  and  ideas.  Examples  of  the  influence  of  roughness,  and  the  Important 
characteristics  of  this  roughness,  are  drawn  from  helicopter  transmission  and  rolling  bearing  research 
at  Imperial  College,  London. 

The  important  influence  of  geometry  and  roughness  in  tribological  problems  has  been  accepted  for 
many  years  but  only  limited  progress  has  been  made  in  understanding  the  exact  mechanisms  involved  and 
Incorporating  this  knowledge  into  surface  finishing  processes  designed  to  improve  performance.  This 
paper  presents  an  approach  to  surface  topography  measurement  and  analysis  which  allows  many  of  these 
problems  to  be  examined  in  great  detail.  Examples  of  the  approach  are  presented  for  several 
tribological  problems  including  dimensional  tolerance,  rolling  contact  noise,  and  fatigue  life,  and  in 
each  case  the  character  of  the  important  range  and  size  of  surface  roughness  features  is  Identified  in 
terms  of  its  Influence  on  the  specific  problem  under  examination. 


INTRODUCTION 

The  Need  for  Surface  Metrology 

The  functional  relationship  of  engineering  components  in  an  assembly  is  defined  ultimately  by  the 
closeness  to  which  the  intended  geometry  is  realised.  Any  concept  embodied  In  an  engineering  drawing 
can  only  be  approached  in  practice  through  controlling  the  accuracy  of  production  and  the  means  by 
which  it  is  measured. 

The  ability  to  create  and  measure  to  required  degrees  of  accuracy  is  a  corner  stone  of  mechanical 
engineering  which  Joseph  Whitworth,  in  nis  Presidential  address  to  the  Institute  ol  Mechanical 
Engineers  in  1856  recognised  in  the  following  way; 

"I  would  next  call  your  special  attention  to  the  vast  importance  of  attending  to  the 
two  great  elements  in  constructive  mechanics,  namely,  the  true  plane  and  the  power  of 
measurement 

Having  recognised  tne  power  of  measurement,  Whitworth  went  on  to  say: 

"I  nope  the  members  of  this  Institution  will  join  me  in  doing  what  we  can  with 
reference  to  these  two  important  subjects  -  correct  measurement,  and  Its  corollary 
proper  graduation  of  size.  The  want  of  more  correct  measurement  seems  to  pervade 
everything 

The  reasonings  underlining  Whitworth’s  statements  on  geometry  and  dimension  are  as  valid  today  as 
they  were  in  his  time.  The  sound  basis  which  Whitworth  and  others  like  him  set  down  has  enabled  the 
mechanical  engineer  to  achieve  a  continuous  increase  in  the  accuracy  and  precision  of  manufacture  and 
measurement . 


Because  of  this,  todays  engineer  Is  able  to  impose  limits  on  geometry  and  dimension  in  a  mass 

production  environment  which  would  have  been  unobtainable  in  Whitworths  time.  With  modern 

transml  sslons  and  engine  systems  rolling  element  bearings  .are  commonplace,  millions  of  such  bearings 
are  produced  every  month  in  the  uK  alone,  and  yet  the  unit  talked  about  for  general  bearing  tolerances 
23  tentns  of  tiiousandihs  of  -.in  inch  (J.5um  with  younger  engineers);  rolling  element  tolerance  and 
geome.ry  gi  down  a  further  decade  to  variations  in  the  order  of  0.25um,  «-.id  surface  finishes  take  us 

even  further  down  the  scale;  roughness  measurements  specified  to  less  than  0.0J5iim  (less  than  1 

'Tilcrolnch)  ire  ''ommonpl  ace .  The  difficulty  and  uncertainty  in  making  measurements  of  this  order  is  to 
be  appreciated  by  the  fact  that  the  coefficient  of  thermal  expansion  of  steel  Is  about  0.01 2iini/mm/‘^C . 

In  the  sens®  that  metrology  is  cor,('<jrn‘-d  with  precision  measurement  it  implies  an  attempt  to  assess 
the  "true  value"  of  th®  mignit  jde .  It  is,  or  at  leaot  it  should  be  intimately  bound  up  with  both  the 
source  of  tne  proDl®rr.  -  t’  d^-  ide  what  is  to  be  measured,  to  know  and  to  discipline  the  Inevitable 
ur,'  -ii  nt  i  e.s  of  me.mur<>merit  -  arid  the  use  that  is  to  be  made  of  the  answer;  it  is  not  a  subject  to  be 
tako'i  in  total  iboliti  .n.  A  corollary  of  the  above  thesis  is  that,  put  in  proper  prospective,  surface 
metrulog/  is  designed  to  g®ri®rate  insight  from  measurement:  it  Is  to  bring  int.o  prominence  and  describe 
the  fc)*-  .r®'i  that  are  m'-sl  jlgnlfi  'ant  in  relation  to  the  applications  in  question. 

Wit’,  tr-.i.-i  urn  in  T;in.i  ♦hla  paper  will  sh^w  how  computer  controlled  surface  m^trelcigy  techniques  can 
t®  us®d  ret  ■  n',  /  ■  ;  'ff'-r  .'-Tuttons  to  m®*  rol  ngi  ;  <  1  pr-jbl®m3,  but  to  gain  tnsigtd  In?..,!  miny  isp®otr.  '-f 


A, 
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Author's  Reply 

Dr  Blok  is  cxaclly  right  in  his  suggestion  that  a  detailed  accounting  of  all  theoretical  estimations  of  power  loss  should  he 
curried  out.  The  ba.sis  of  this  accounting  is  already  in  the  literature  (Refs  .‘^—7)  and  in  the  references  list  below.  I  here 
are  some  unanswered  questions  about  fnctiiin  (traction)  effects  and  also  more  theoretical  wtirk  on  power  U»sv  of  spinil 
bevel  gears  needs  to  be  worked  (vul.  13r  Blok  has  given  us  the  last  Iwd  references  which  will  be  very  helplul. 

—  Anderstin,  N.  and  Loewenthal.  S.H.:  "Hfriciency  of  Non-Standard  and  High  (\>niaet  Ratio  Involute  Spur  Oears" 
ASMf- paper  S4-DI-T- 172. 

-  Anderson.  N.:  I.owenihal.  S.M.  and  Black.  J.D.:  “An  Analytical  MelhiKl  to  Predict  l  lficiency  ol  Aireralt 
Ciearhoxes"  NASA  I’M  S37  lb,  (I  SAAVSCOM  TR  .S4-r-.X). 

—  Parker.  R..I  .:  ‘  ('oniparison  tif  Predicted  and  I- xperiniental  1  hermal  Performance  of  Angular  Contact  Mall 
Bearings  "  N.ASA  I  P  2275.  heh  I  *^bS4. 

-  Blok.  H.:  "Hvdroduiamic  P. fleets  on  Kriction  in  Rolling  with  Slippage";  Proc.  Symp.  on  "Rolling  Contact 
Phenomena",  organized  b>  (ieneral  Motors  (  tirp.  in  1 9b  I .  aiul  edited  In  .I.B.Bidwell;  l  lsevier  Publ.  Co.. 
Amsterdam.  Holland.  1 9b 2;  pages  I  Sb  — 24.V  disc.,  pages  24.^— 2.>  I . 

Blok.  M.;  "  I  he  I  hermal  Network  Method  lor  Predicting  Bulk  lemperalurcs  m  (iear  I  ransniissions":  Pn»c.  7th 
Round  Table  Discusmou  on  Marine  Reduction  (iears,  issued  by  S  TAl  l  .-WAl.  AB.  Finspang.  Sweden.  l-t>r  a 
Trench  translatuMi  sec.  Bulletin  No,  >9,  pages  ,C-  ]  3.  ol  St  icicle  d'T  Hides  dc  Tlndustrie  de  TTjigrenage.  I rue 
Bcauion.  Pans  -  Se.  Trance. 
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DISCUSSION 


B.A.Sholter.  UK 

With  fine  ground  surfucc  finishes,  ihe  maximum  surface  slope  can  be  signilicanily  higher  than  the  measuring  stylus  tip 
slopes.  Thus,  the  recorded  information  di>es  not  truly  represent  the  small  scale  features.  C'ould  the  author  comment  on 
the  significance  of  this'.’ 


.Author's  Reply 

I  he  small  scale  features  i>n  abraded  surfaces  can  indeed  possc.^s  very  high  slopes  and  SLM  pictures  \s:ll  conlirm  this. 
The  1  ulysurf  cannot  accurately  record  such  features,  particularly  if  the  scale  of  the  feature  or  asperity  is  in  the  tnder  ol 
the  sivlus  radius  (usuallv  about  2  mm  with  stiuidard  stvli)or  the  slope  of  the  feature  exceeds  the  stvius  angle  (usuallv 

My  first,  and  probably  most  useful  comment  is  that  such  features  are  usually  too  small  to  be  of  significance  in  nmst 
engineering  applications.  I  say  this  with  some  reser\  alions.  as  I  know-  of  some  applications  where  the  small  scale  teaiures 
are  important.  I  fowever.  in  mans  engineering  applications,  it  is  fair  to  say  (hat  if  a  small  sharp  sty  lus  can  plasticiv 
remove  such  features  under  a  very  small  applied  load  (usu.  .y  about  100  mg),  and  bearing  in  mind  that  such  asperities 
are  often  much  lower  in  height  than  typical  calculated  lubricant  film  thicknesses,  then  it  is  difficult  to  foresee  their  their 
significance  in  a  real  engineering  environment. 

J.(*odston,  US 

The  500  point  pressure  distribution  discussed  in  the  paper  was  analytical.  How  did  you  measure  the  local  pressures  — 
deformities?  What  size  bearings  gears  were  used  in  your  e.xperimenis  and  analysis.’ 

Author's  Reply 

1  he  l(K'al  asperity  deformations  were  calculated  via  the  elasticity  relations  based  on  each  2  mm  element  being  subjected 
to  the  appropriate  level  of  uniform  pressure.  The  experimental  measurements  of  the  undeformed  surfaces  were  taken 
from  ground  surfaces,  and  with  the  debris  indentation  work,  from  small  roller  bearing  raceways  (about  I"  I  D)  which 
had  undergone  some  running  with  oil  coniaminaied  with  gearbox  wear  debris.  I'his  latter  test  allowed  us  to  obtain 
surface  profiles  with  real  debris  plastic  indentations  present. 
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I  -  iirrEODucTiow 


La  vie  d ' un  m^canisme  esc  souvent  iLrait^e  par  des  avaries  de  surface.  L'objectif  de  ce  papier 
est  de  d^finir  certains  crit^res  qui  perniettent  d'appr<*cier  la  s^vAritA  du  fonct  ionnement  du  contact 
hertzien  lubrifiA  et  le  risque  d'avaries  de  surface. 

En  premier  lieu,  les  families  f ondament a  I es  d’avaries  de  surface  dans  les  contacts  lubrifiAs 
trAs  charges  seront  prAcisAes.  Ensuite,  les  modules  thAoriques  utilisAs  pour  analy.ser  le  com- 
porteraenC  mAcanique  et  les  paramAtres  de  fonc t ionnement  du  contact  sefont  dAfinis.  L’lmportance  du 
facCeur  d'Achelle  sera  notAe. 

Fnfin,  I  '  app  1  i  c  at  ion  de  ceCte  analyse  aux  problAmes  d’endoramagements  des  surfaces  de  dentures 
d  '  en^ renames  sera  discutAe, 


II  -  AVARIES  DU  COtfTACT  HEBTZIEN  UJBEIPIE 


1 1 . 1 .  -  Poait ion  du  probi Awe 

Sc  h  Ama  t  i  queraent  un  contact  esc  constituA  de  ttiiis  corps  :  les  sojides  I  et  2  et  un  milieu 
intercalaire  dans  leque]  se  rAalisenc  la  t  ran.smi  s  s  i  on  de  la  charge  et  I'adaptation  des  vitesses 
relatives  ent  re  1  et  2,  (Fig.l),  Lorsque  ce  milieu  intercalaire  esl  un  Acoulecnent  fluide  visqueux  et 
qiie  les  massifs  se  dAforment  A  i  as  t  i<]uefn*-nt  sous  I’effet  des  pressions  dans  I’interface  le  contact 
est  d  i  t  hertzien  lubrifiA  et  le  rAgime  A  I  as f oh  yd r od y n am i que .  C’est  le  cas  notamment  pour  les 
engrenages  et  les  roulements. 

Si  la  hauteur  moyenne  des  aspAritAs  des  massifs  est  suffisante  pour  que  des  contacts 
directs  existent,  le  rAgime  est  mixte,  Une  analyse  mAcanique  d  I’Achelle  de  ces  mi  c  ro*cont  ac  C  s  esc 
alors  nAcessai re . 

Des  champs  de  contraintes,  de  dAformations  et  de  tempAratures  se  dAveloppent  dans  chacun 
des  milieux  de  ce  contact.  Ils  sont  dus  au  fonct  ionnement  .  La  rAponse  de  ces  milieux  et  en  par* 
ciculier  des  solides  1  et  2  conditionne  le  bon  fonct ionnement  du  mAcaoisme  ou  les  avaries  de 
surface. 


1 1 . 2 .  -  Avaries  de  BurfBce 

Les  avaries  de  surface  dans  les  contacts  hertziens  en  rAgime  A ' astohydrodynami que  ont  fait 
I'objet  d'ui.e  ahondante  littArature  |l,2l.  A  titre  d'exemple,  I’A.C.M-A.  dAfini  21  modes  de  dA- 
tArioration  des  structures  d'engrenage  [31  .  TouCefois,  les  mAcanismes  qui  gouvernent  ces  dAgra- 
dations  ne  sont  pas  encore  entvArement  explicitc-s  et  la  terminologie  est  imprAcise.  On  distingue 
trois  families  fundament  a  1 es  : 

-  les  fatigues  super f ic ie 1 1 es  associAes  aux  effets  normaux  dans  le  contact, 

-  les  usure.s  corrAlAes  aux  effets  normaux  et  tangentiels, 

-  les  grippages  reliAs  aux  effets  tangentiels  et  thermiques. 


ri.2.l.  -  Les  fatigues  supe r f i c  ie 1 1 es 


Elies  apparaissent  dans  la  zone  de  faible  gl issement .  Elies  sont  de  deux  types  ; 

-  les  avaries  ” pro f onde s” ,  appelAes  Acailles,  (spalls),  aont  des  enlAvements  de  matiAre  de 
quelques  millimAtres  carrAs  de  surface  et  de  quelques  diziAmes  de  millimAtres  de  profondeur , ( Fig .  2 )  . 

u  utioioi  sum  rf  i  ‘  e  ^  iit- 1  i  >iu  coiiiaci  git^oat,  c  est-s-oire  <1u  -loniaine  iiertzien  ciassique.  hiies 

apparaissent  brutalement  aprAs  une  incubation,  tin  examen  attentif  montre  qu'elles  sont  prAcAdAes  par 
la  crAation  d ' un  rAseau  do  fissures.  Elies  surviennent  dans  des  contacts  trAs  chargAs.  Sur  la  figure 
?.  on  observe  une  Acaille  swrvenue  sur  des  surfaces  roulement  presque  pur.  On  r»»marque  autour  de 
cette  Acaille  d'aiitres  avaries  ,\n  dimensions  beaucoup  plus  faibles. 


-  leg  avaries  "super fic iel lea" ,  appellee  micro-6cail les ,  (micropita) ,  aont  dea  enlfeveaenta 
de  nati^re  de  quelques  centi&mea  de  mil lim&tres  de  dian^tre  et  de  profondeur,  Pig. 3.  Cea  dimensions 
sonC  &  I'^chelle  de  I'aspdrit^.  L'incubaCion  est  plus  courte  que  pour  les  dcaill«.s.  Piles  sur- 
viennent  dans  des  contacts  m@me  peu  charges. 

En  tant  que  telles,  ces  micro-^cai I les  n'emp^chent  pas  le  fonct ionnement  de  I'engrenage. 
Par  contre,  elles  acc4ldrent  la  formation  des  dcailles,  [4,5].  Elies  sont  done  dangereuses. 

II. 2. 2.  -  Les  usures 


Elles  apparaissent  quelle  que  soit  la  valeur  du  glissement.  11  s'agit  d'enlevement  progres- 
sif  de  matiere  S  I'echelle  des  asperites  issu  de  differents  isecanismes  :  deformation  plastique,  abra¬ 
sion,  adhesion,  usure  chitnique,  figures  4  et  5,  l6,7|. 


II. 2. 3.  -  Les  grippages 


Ils  apparatssent  dans  des  zones  de  fort  glissement.  Its  se  manifestent  par  la  fusion  des 
couches  super f  ic  i  e 1  les  des  massifs.  Ils  sont  accompagnds  d'^mission  de  fumde  et  de  bruit  et 
d ’ augment  at  ion  de  la  force  de  frottement,  |8|  .  Ils  ddtruisent  la  micro-gdorndtrie  des  surfaces,  voire 
la  gdomdtrie  par  des  arrachements  et  des  transferts  rndtalliques  d'un  massif  &  1 'autre,  (Fig. 6  et  7). 

L  ‘  augment  at  ion  relative  de  la  hauteur  des  aspdritds  est  de  I'ordre  de  1  ft  5.  Les  grippages  sur- 
viennent  toujours  brutalement.  Ils  sont  relids  i  la  tempdrature  dans  le  contact  et  h  la  physico- 
chimie  du  lubrifiant. 


Ill  -  MODELISATIOII  HECAWKXJE  DO  POHCTIOWHPmrT  D*mi  OOWTACT  HEITZIPI 
n  I .  I .  -  Poaitloo  dg  probHwe 

Dans  cette  analyse  seul  1 'aspect  mdcanique  est  abordd.  Cependant,  les  aspects  mdcal- 
lurgiques  et  physicoch imiques  ne  sont  pas  deareds,  reals  I’dtat  phys 1 coch  imique  du  contact  au  sens 
large  est  considdrd  coreote  une  condition  aux  limites  du  probldse  mdcanique.  Le  fonct  ionnement  du 
contact  lubrifid  est  analysd  en  conai<*drant  les  trois  dl^ents  suivants  : 

~  la  sdparation  ou  dpaisseur  moyenne  du  film  visqueux  lubrifiant,  due  aux  caraetdrist iques 
de  1 'engreneoenC , 

*  le  champ  de  contraintes  induit  en  particulier  par  la  ddformation  imposde  par  la  sd- 

parat ion, 

'  le  champ  de  tempdrature  rdsultant  de  la  dissipation  dans  le  film  sdparateur. 


111.2.  -  La  adparation 

Dans  un  contact  hertzien  lubrifid,  les  pressions  sont  suffisantes  poor  augmenter  la 
viscositd  du  lubrifiant  et  pour  ddtormer  les  surfaces.  Au  cours  des  vingt  dernidres  anodes,  de 
nonbr'uses  dtudes  expdrimentales  et  thdoriques  ont  montrd  que  : 

'  un  film  d'huile  d'dpaisseur  comprise  entre  0,01  et  1  pm  peut  se  former  dans  un  contact 
hertzien  pour  des  gammes  de  charge  et  de  vitesse  trds  dtendues, 

-  des  thdories  analytiques  ou  numdriques  perraettent  de  calculer  ces  films, 

-  la  concordance  entre  les  rdsultats  expdrimentaux  et  thdoriques  est  excellente. 

Forme  1 1 ement ,  le  contact  est  ddcrit  par  : 

-  sa  gdomdCrie,  sa  cindmacique  et  la  charge  transmiae, 

-  le  coraportement  du  lubrifiant,  (thermo  et  p i dzovi scos i td  ) , 

-  I'dquation  de  I'dcoulement  ou  dquation  de  Reynolds  pour  le  film, 

-  I’dquation  de  I'dlasticitd  pour  la  ddformation  des  surfaces, 

-  I’dquation  de  I'dnergie  dans  les  diffdrents  milieux  pour  le  chairp  de  tempdrature. 


III. 2.1.  -  Valeur  de  la  sdparation 


Hypothdaea  :  dcoulement  isotherme,  surfaces  lisses,  lubrifiant  rurabondant. 

Pour  un  contact  cylindre  infiniment  long,  Fig. 8a,  I 'dpaisseur  du  film  ou  sdparation  au 
centre  du  contact  est  donnde  par  la  relation  de  Dowson  et  Higginson,  [91  : 


Pour  un  contact  elliptique,  Fig. 8b,  I'dpaisseur  du  film  au  centre  du  contact  est  donnde 
par  la  relation  de  Hamrock  et  Dowson,  | 10| 


,,0.67  ^0.53  ,,-0.067 


I  -  0.61  exo  {'  0.73  K)l  (2) 


Dans  ces  expressions,  les  variables  non  diroensionndes  sont  : 


22-^ 


U  =  u  (U  *11  )/e  R 
1  2  ^  X 

W  =  w/E  R  L 
’■2 

=  w/e  R 


G  =  HE 
H  =  h^R__ 


K  =  1.03 


<»A>” 


E  =  (1/2 ((i-v,Ve,  ‘d-.jAr' 

»  =  <A  ’ 

*1  "r, 

R  =  (1/r  .  R  )■ 

^  '2 


Les  param^tres  sont  d^finis  de  la  fa^on  suivante  : 


*  est  la  viscositfi  dynamique  dans  I ‘entree  du  c«>ntact, 

*  Uj ,  U2  sont  les  vitesses  de  roulement  dans  la  direction  x, 

*  R^j  et  R  respect  iveraent  les  rayons  de  courbure  des  surfaces  1  et  2 

dans  les  uirections  x  et  z,  * 

*  W  est  la  charge  normalo  dans  le  contact, 

*  7  est  le  coefficient  de  pi^zoviscosit^  du  lubrifiant, 


Vi(p)  =  ^’‘P  f*  *(P"PqM 

*  Ej  et  E  ,  V  et  v_  sont  respect  ivement  les  modules  de  Young  et  lea  coefficients  de 
Poisson  des  massifs  1  et  7, 

*  est  I'epaisseur  r^elle  au  centre  du  contact, 

*  L  est  la  longueur  des  cylindres,  (selon  ?.). 


Les  expressions  (1)  et  (2)  ont  4t#  v^^rifi^es  exp#r iment a  I ement  de  nombreuses  fois, 
lll-nl.  L'erreur  commise  est  inf^rieure  i  lO^. 


III. 2. 2.  -  Elements  pond^rateurs  de  cette  separation. 


Depuis  les  approches  ci-dessus,  les  effets  de  trois  ph^nocn^nes  i)nc  ^t<*  pr^cis^'es. 

A  -  1‘effet  de  I ’^chauffement  caract^ris^  par  le  coefficient  de  correctif'n  thermique  qui 
provoque  une  diminution  de  la  s<*paration  : 


=  K 


Ce  coefficient  depend  de  la  somme  des  vitesses  dans  le  cont.sct,  de  la  conductivity*  thermique  tlu 
lubrifiant,  de  la  viscosity  et  de  la  temperature  absolue  ^  I'entrde  d,i  contact,  ll^l.  Sa  variation 
entre  I  et  0.27  a  ^ty*  confirmee  expdrimentalemenC  avec  une  precision  de  20)^,  (l^j. 

B  -  I’effet  des  rugosit^s  ddpend  <Je  la  valeur  de  leur  hauteur  et  de  leur  orientation  par 
rapport  aux  vitesses  de  roulement.  II  est  caract^ris#  par  le  facteur  •►p,  tel  que  : 


qui  peut  varier  entre  0.42  et  1.29,  |l6-17l. 


C  -  I'effet  de  I  ' a  1  imen t at i on  en  lubrifiant  depend  de  ta  longueur  du  domaine  rempli 
d’huile,  c'est-a-dire  de  I'abscisse  d'entr^e.  II  est  caract^risS  par  le  facteur  tel  que  : 


r  *  H 
A  o 


qui  peut  varier  de  0.6  S  1.0,  |l8|. 


Kp  :  pour  un  contact  rugueux  I'^paisseur  dtmensionn^e  de  la  separation  au  centre  du 

contact  est  donn^e  par  I 'expression  : 

"o  =  'Sc  ♦t  ♦r  ♦a  "o 

Typiquement  elle  varie  de  0.1  A  2  pra. 


III.  3.  -  Lea  contraiotea 

II  faut  introduire  deux  echelles  d'analyse  A  I  '  image  des  longueurs  car  ac  t  Ar  i  st  i  ques  P  »*t 
Dj.  (Fig. 9).  ' 

La  premiere  dimension  Dj  est  analogue  A  la  longueur  d«i  contact  hertzien  ?a.  File 

decoule  de  1  q  geometrie  globale  du  contact  et  de  ]  ,1  charge  normale  qu'il  transmet.  p^ns  1  ••  cas 
lubrifie,  ia  theorie  de  Hertz  ftem*'ur*:-  app  i  i  i.  ciL  ■' f  »/>'ur  Jc  v'-'?.’'--;?  d***  •oof  rai  nf  es .  'Jo 

La  seconde  dimensif)n  D  est  analogtje  A  la  longueur  movenne  d«i  contact  ati  niveaii  des 
aspy»rit-«s  d^f..rm<*es  dans  le  coiUAct  r<»e|.  File  d4i-o.,le  .1..  )  ;i  gy»,,my‘frie  loc-il-  movenne  de  .es 
asp^rit^S  et  de  leiir  deflexion  movenne,  e  [  I  <. -*nSn>-  fiXn  .m  rapp.>r(  de  rugosity*  <t  '^h 

c  m 


::-4 


Ces  deux  ^chelles  sonC  analysables  s^parenment ,  |l9,20|. 


a)  -  Analyse  globale,  4chelle 

L'approche  globale  &  I'Schelle  D.  eat  bien  connue,  il  s'agic  de  I'approche  hertxienne. 
Elle  penset  de  calculer  la  dimension  de  I'aire  de  contact,  la  pression  oaximate  hertzienne  et  les 
contraintes  dans  le  massif. 


Dans  le  cas  d'un  contact  cylindrique  de  grande  longueur  L,  suivant  Oz,  si  b  repr^sente  la 
demi-largeur  de  la  zone  de  contact  suivant  Dx,  il  vient  : 


=  (8WR et  pour 


p^  =  2W/Trt>L 


p 

•^max 


b)  -  Analyse  locale,  dchelle 


Lofsque  la  s^patation  ooyenne  h  est  plus  petite  que  la  hauteur  des  aspdritds,  des 
contacts  locaux  se  produisent.  La  ddforoation  des  aspdricda  qui  en  rdsulte  esc  imposde  par 
les  caractdrist iques  du  film  s^parateur,  notamment  sa  raideur,  |2l|.  Sur  les  aspAricAs 
d^formdes  apparaissent  des  pressions  supArieures  A  la  pression  globale  hertzienne  ainsi  que 
des  maxima  secondaires  de  contraintes,  notamment  des  contraintes  de  cisaillement  ^  une 
profondeur  aensibleraent  ,  (Fig. 10).  Ces  sur -cont r a i n t ea  sont  fonction  du  rapport  de  la 
hauteur  des  aspdritds  o  &  la  separation  h  et  du  rayon  de  courbure  moyen  dea  aspdrices  8  . 
est  la  hauteur  quadrat ique  composite  et  a  pour  valeur  : 


a 

c 


2  ^1/2 


et  dtant  les  hauteurs  quadratiques  des  rugosit^a  de  chacune  dea  surfaces  1  et  2. 


c)  -  Analyse  simultande. 


Dans  les  cas  de  f  one  t  ionneraent  trlis  s^vftre,  c'est-l-dire  loraque  le  rapport  de  rugosity  a  /h 
est  trfes  supdrieur  A  1,  lea  longueurs  c ar ac t dr  i  a 1 1 ques  0.  et  D.  peuvent  dtre  du  mdme  ordre  de 
grandeur.  Le  rapport  d'dchelles  D./D.  est  lid  A  la  valeur  moyenne  de  I'aire  rdelle  de  contact 
rapportde  A  I'aire  totale  ou  apparenre,  i22,23{. 


111.4.  -  Les  tgap^raturea 

La  dissipation  due  au  cisaillement  de  I'dcoulement  du  [ubrifiant  dans  |e  contact  provoque 
une  augmentation  de  tempdrature  dans  le  film  et  dans  la  peau  des  massifs. 

Diffdrentes  dtudes,  [22,23!  ,  ont  montrd  que  la  tempdrature  maximale  des  surfaces  des 
massifs  est  donnd  avec  une  prdcision  suffiaante  (20^),  par  le  concept  de  "flash  temperature",  '24*. 


Tf  =  1.6fp^(U,-Uj)  .'2b/(Sr^c“ll,.  ) 

oD  Kj,  K^,  Pj  ,  Pj,  Cj  et  C.  sont  respect  ivement  les  conduct  ivitds ,  les  manses  spdcifjqnes  et  les 
chaleurs  spdcifiques  des  matdriaux  des  massifs  I  et  2. 

Uj  et  U-  sont  les  vitesses  de  rouleraent  dderites  prdcddpmment , 
p  est  la  pression  maximale  hertzienne, 
f  le  coefficient  de  frottement, 

b  esc  la  demi-largeur  du  contact  dans  le  sens  des  vitesses. 

La  difficultde  essencielle  est  la  connaissance  ou  I ' apprdc i at  ion  du  coelficient  d** 
frottement  f  rdel.  A  ce  jour,  il  n'existe  pas  de  moyen  thdorique  fiable  pour  calculer  c«*  c.*e  f  f  i  c » “nt 
de  frottement.  Une  ex|>d  rimentation  est  done  i  nd  i  s  pen.s  ab  1  e  .  Cependant  ,  pour  un  r^mme  <*lant<'- 
h  y  d  rodyn  am  1  que  des  variations  entre  0.02  et  0.06  sont  car  ac  t  dr  i  s  t  iques  d’un  fi>nc  t  ionnement  norma). 
Par  ailleurs,  A  partir  d'dtudes  trds  rdeentes,  des  valeurs  de  I  'ordre  de  0.12  A  O.l")  sont  le  signe 
d’une  ddfaillance  de  la  composante  hydrodynamique  de  la  1  tjbr  i  f  i  cat  ion . 

En  rdsiaid  : 


La  modd 1 iaat ion  du  foocC ionoeaene  du  contact  conduit  au  claaae«cnt  dea  paraadtrea 
■dcaniquea  en  deux  catdgoriea  : 

-  lea  parandtrea  qui  conatituent  l*dtat  adcanique  du  contact, 

-  lea  paiandtrea  de  coaportcaent  du  contact. 

Parai  lea  praaiern,  rappelona  : 

-  lea  gdoadtriea  dea  aaaaifa, 

-  lea  eiteaaea  d'entratnq^ent  et  de  rouleaent, 

-  la  charge  noraale  tranaaiae, 

-  lea  caraetdriatiquea  phyaiquea  du  iubrifient  et  dea  aaaaifa. 


P«mi  les  seconda  : 

-  le  rapport  de  rugoaitd  a ^/h  , 

-  ]e  rajoQ  ■open  de  courbure  Sea  aapdritda  ft  , 

-  le  rappi  ct  d'dcbelle 

-  la  viteaae  de  gliaaeaent  0|~0.i 

-  la  preaaioa  hertaienne  ■aziaafe  p  , 

-  la  teapdrature  aaziaale  ou  aiaplanent  I'augaentation  de  tcapdrature  T^. 


IV  -  PARAMBTftBS  SlGWIPlCATirS  VIS-A-VIS  DKS  AVAftIBS 
IV. 1.  -  PoaitioD  du  problfeae 

Bien  que  les  m^canistnes  d'avariea  ne  soient  pas  encore  entidrement  explicicds,  il  esc 
possible  de  ddfinir  I'effet  de  certains  paramStres  sur  Cel  ou  tel  type  d'avarie. 


IV. 2.  -  Fatiguea  aupcrficiellea 

a)  Ecai 1 lage  ; 

II  est  bien  connu  que  I'dcaillage  esc  fonction  de  la  preaaion  hertzienne  maximale  p  ,donc 
de  la  contrainte  de  cisaillemenc  maximale  en  sous-couche.  Toutefoia,  les  initiations  superf  ic  le  1  les 
sont  lides  aux  conditions  de  lubrification,  done  au  rapport  de  rugositd  |27,28|. 

b )  Micro-dcaillage  : 

Le  micro-dcail  lage  est  fonction  uniquement  du  rapport  de  rugositd  i20|. 


II  existe  en  effet,  deux  niveaux  d'initiation  des  avaries  de  fatigue  superf iciel  le ,  le 
niveau  profond  ou  hertzien  classique  ec  le  niveau  superficial.  Pour  I'iniciation  profonde  la 
contrainte  de  cisaillement  maximale  est  le  paramdtre  preponderant.  Pour  I'iniciation  superf  iciel  le , 
le  rapport  de  rugosite  est  le  parametre  esaentiel.  Ces  deux  niveaux  d'initiation  gdndrent  res- 
pectiveraent  les  dcailles  et  les  (Dicro>dcail  les.  L'effet  du  rapport  de  rugosite  sur  I'ecaillage  est 
lie  d  I ' interact  ion  des  deux  rdseaux  de  fissuration. 


Les  bornes  des  parametres  p  et  O  /h  ne  sent  pas  clairement  connuea.  Cependant,  la 
pression  hertzienne  peut  etre  judicieusement  corapSree  i  Hv/3  oii  Hv  est  la  durete  de  Vickers.  En 
effet,  le  seuil  de  deformation  plastique  esc  obtenu  pour  une  pression  hertzienne  otaximale  k  Hv/3.  En 
ce  qui  concerne  9  /h  ,  1  a  valeur  1  signifie  qu'en  moyenne  touces  les  asperites  subissent  une 
deflexion  importance  dans  le  contact  et  sont  done  I'objet  de  surpressions  de  contact  tres  dlevdes. 


IV. 3.  Oauree 

II  n 'existe  pas  de  cricere  fiable  concernanC  I'usure.  Cependant,  il  eat  prouve  que  e'est 
une  fonction  croissante  de  la  vitesse  de  glissement  coefficient  de  frottement  f  et  du 

rapport  de  rugosite  1^1 • 

IV. 6.  -  Orippage 

De  mgrae  que  pour  I'usure,  il  n'existe  pas  de  criteres  globaux  pour  le  grippage.  En  effet, 
il  faut  considerer  siraultaneraent  deux  aspects  ;  le  fonct  ionnement  raecanique  et  le  coroportement 
physico-'chimique  du  contact. 

a)  Fonc C i onnemenC  mecanique.  Des  etudes  recenCes,  tant  theoriques  qu'experiment ales , 
l8,22,23|,  montrent  que  la  condition  necessaire  au  grippage  est  que  le  rapport  d’echelle  I>«/d,  tende 
vers  I . 

b)  Comportement  ph y s i c o -ch ira i que  .  Differences  etudes  ont  prouve  que  I'action  physico- 
chimique  en  surface  et  dans  le  lubrifiant  sont  liees  A  la  temperature  maximale  dans  le  contact, 
convenableraent  representee  par  I'approche  de  Blok  '8,26l. 


V  -  APPUCATIOW  ADI  AVAtIBS  DB  SDRFACT  DAWS  LKS  KllCftgmCgS 

L’ appl  icat  ion  de  la  procedure  ci-dcssus  aux  surfaces  de  denture  est  tout  fait  possible. 
Cependant,  deux  difficultes  spdcifiques  doivent  etre  surmontees  :  la  va"iation  de  certains  pa- 
rametres  de  I’etat  mecaniqtje  le  long  de  1  ’  engreneraent  et  la  necessite  de  I  '  apprec  i  at  ion  expe- 
rimentale  de  certains  d'entre  eux. 


V.I.  ~  Parsatftcres  de  I'dtet  aecanique  le  long  de  1  *ea 


En  chaque  point  de  cet  engrenement,  les  gdomecries  et  les  vitesses  des  surfaces  de 
dentures  ainsi  que  la  charge  transmise  varient.  Il  a  ete  montr^  que  pour  des  engrenages  cylindriques 
d  axes  paralieies,  on  peut  reprdsenter  tm  p<iint  donn#  de  1 'engrenement  en  rdgime  permanent  par  le 
contact  entre  deux  cylindres  d'axes  parallAles  munis  des  m8mes  charges,  g<*omdtrie8  et  vitesses, 
l29|,  Pig. 11.  Nous  iitiliserons  cette  simulation  pour  une  analyse  point  par  point. 


Les  param^cres  de  comportemenC  du  contact  seront  done  analyses  pour  un  certain  nombre  dc  I 

points  de  I  '  engrenetnenc  k  partir  de  la  connaissance  en  ces  mSmes  points  des  param^tres  constituant 
I  ^tat  ni<*canvque.  G^n^ra  1  ement  ,  on  choisit  cinq  points  : 

T'j  premier  point  de  I  '  engrenement  en  pied  de  pignon  avec  deux  couples  de  dents  en 
prise, 

T’'j  point  de  transition  entre  pied  de  pignon  et  pritnitif.de  deux  i  un  couple  de  dents 

en  prise,  la  charge  nortnale  dtanC  supposde  transmise  par  un  seul  couple  de  dents,  i 

I  :  point  de  contact  confondu  avec  le  primitif,  I 

T''j  point  de  transition  entre  primitif  et  sommet  de  pignon,  de  un  li  deux  couples  de  I 

dents  en  prise,  ici  encore  la  charge  normale  est  suppos^e  transtnise  par  un  seul 
couple  de  dents, 

T’^:  dernier  point  de  I  '  engrenement  au  sommet  du  pignon  avec  deux  couples  de  dents  en  , 

prise. 

Si  les  surfaces  ile  denture  prdsentent  ctes  corrections  lon^it  ud  inal  es ,  (bateaux),  Je 
contact  sera  consid^r^  comme  elliptique. 

V .  2  .  -  Approche  e«p<ri»ci>t«le 

L'dtat  m^canique  4tant  connu,  deux  difficulties  demeurent  :  I  * appric iat ion  du  coefficient 
de  frotCement  f  et  du  rapport  d'ichelle  riels. 

a)  Dans  un  engrenement  il  est  difficile  de  connatcre  le  coefficient  de  frottement,  en 
particulier  k  partir  de  la  mesure  de  la  puissance  dissipie.  Cependant  ,  nous  avons  dijd  noti  qu'en 
rigime  i  1  as  t  oh  ydr  od  y  n  am  i  que  des  variations  entre  0.01  et  0.06  sont  caractir  ist  iques  d'un  fonc- 
tionneoent  normal,  y  compris  pour  des  rapports  de  rugosicis  supirieur  2i  1,  |22|  •  Au  contraire,  des 
valeurs  de  0.12  4  0.15  sont  typiques  d'un  mauvais  f one t i onnemenC  hydrodynamique. 

b)  Le  rapport  d'ichelle  D.,/Dj  ne  peut  pas  itre  connu  k  priori.  Son  appriciation  nicessite 
une  analyse  fine  de  Ja  mi cro-giomii r ie  des  surfaces  et  surtout  de  leur  ivolution  au  cours  du 
fonct  ionnement ,  done  suppose  une  dimarche  expirimentale. 

VI  -  Coneluaiona 

1  -  Les  avaries  de  surface  de  contact  ilastohydrodynamique  rugueux  appart iennent  k  crois 
families  :  les  fatigues  super f ic ie I  1 es ,  les  usures  et  le  grippage.  L'importance  de  I'ichelle 
d'analyse  est  rappelie. 

2  -  Ces  avaries  sont  associies  k  des  effets  nomaux,  tangentiels  et  themiques  dans  le 
contact  qui  constituent  les  paramitres  de  comportement  ou  s ignif icat i f s  du  contact.  Les  moyens  pour 
les  quantifier  k  partir  de  ] 'icat  micanique  sont  nrisentis. 

3  -  Les  relations  entre  ces  avaries  et  ces  paramitres  sont  rappelies.  Plus  particu- 
I iirement  l'importance  du  rapport  d'ichelle  esc  notie.  Fn  bref,  des  liens  sont  itablis  entre  : 

.  le  rapport  de  rugosici  et  le  raicro-^cail lage, 

.  la  pression  hertrienne  maxiroala  et  I'icaillage  et  la  diformation  plastique, 

.  le  rapport  d'ichelle,  ['augmentation  de  Cempirat ure  et  le  grippage. 

4  -  Les  difficulties  pour  appliquer  ceCte  analyse  k  I 'engrenement  sont  soulignies. 

5  -  Le  concepteur  dispose  alors  de  critires  objectifs  pour  appricier  le  comportement  d'un 
contact  ilastohydrodynamique  rugueux  par  example  dans  le  cas  des  roulements  et  des  engrenages. 
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FIGURE  1.  The  Helmholtz-Gouy- 
Chapman  charge  distribution  near  the 
metal-electrolyte  boundary. 
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The  case  of  diffusion  of  sulfur  has  also  been  experimentally  observed  [10]  and  it  is  stated  that  “both 
the  maximum  sulfur  concentration  and  the  degree  of  sulfur  penetration  increase  with  load."  The  effective¬ 
ness  of  the  lubricants  containing  sulfur,  in  the  sense  of  reducing  wear  and  seizure  of  steel,  has  thus 
been  correlated  with  the  formation  of  surface  layers  of  iron  sulfide  under  loading. 

The  opposite  of  passivation  could  also  occur  as  in  hydrogen  embrittlement  by  liquid-metal  atoms  (e.g., 
mercury)  diffusing  into  the  metal.  Again  we  note  that  the  initial  defect  structure  of  the  surface  plays  a 

major  role.  A  case  in  point  is  the  observation  that  pitting  resulted  only  if  there  were  defect  struc¬ 
tures  on  the  surface  to  begin  with.  This  observation  supports  the  hypothesis  that  the  chemostress  effect 
is  talcing  place  at  crack  tips  as  well  as  in  the  diffusion  of  sulfur  Into  a  thin  layer  near  the  surface 
under  stress.  Whether  passivation  or  crack  propagation  will  occur  is  mainly  determined  by  the  chemical 
specificity  of  the  diffusing  ion  or  atom.  Associated  with  this  specificity  are  the  volumetric  changes 
that  will  occur  in  compound  formation.  Baskes  and  Holdbrook  [13]  have  recently  pointed  out  that 
volumetric  changes  should  be  taken  into  account  in  models  for  blistering-  When  the  "compounds”  formed 
within  the  metal  are  such  that  significantly  large  volumetric  changes  occur,  this  in  turn  intensifies  the 
chemostress  effect  leading  to  an  avalanche  process.  This  picture  is  consistent  with  the  rather  contro¬ 
versial  phenomenon  of  anomalously  high  rates  of  diffusion  under  mechanical  stress  [14]. 

COWCLUSiONS 

We  have  shown  that  the  migration  of  specific  impurity  ions  in  the  lubricant  to  the  metal-lubricant 
interface  and  into  the  metal  are  governed  by  the  zeta  potential,  the  Gouy  effect,  the  chemostress  effect, 
the  initial  defect  structure  of  the  metal  surface  layers  and  the  nature  of  diffusion  within  these  layers. 
The  migration  of  these  specific  ions  is  always  governed  by  the  chemical  potential  gradient  in  the  par¬ 
ticular  local  environment.  We  have  shown  that  the  Gouy  and  chemostress  effects  can  act  synergistically  to 
accelerate  this  migration  process  which  leads  to  the  reduction  of  cohesive  forces  in  some  instances 
depending  upon  the  specific  chemical  bonds  involved.  Volumetric  changes  in  the  metal  surface  layers 
accompanying  this  process  would  then  lead  to  blistering  or  pitting. 
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Solomon  [12]  states;  "The  most  interesting  case  I  had  published  dealt  with  a  mandrel;  severe  pitting 
occurred  in  the  zone  of  highest  pressure  (on  the  neck  of  the  mandrel)  when  structure  defect  existed  (owing 
to  an  incorrect  heat  treatment),  whereas  no  damage  was  observed  with  mandrels  from  the  same  supplier 
without  structure  defects.  This  happened  on  the  same  machine  under  quite  identical  working  conditions." 


In  all  the  above  considerations  we  should  distinguish  between  two  types  of  impurity  ions  in  the 
electrolyte  solution:  one  that  reduces  the  zeta  potential  to  zero  and  one  that  migrates  to  the  crack  tip 
when  the  zeta  potential  is  made  zero,  although  in  some  cases  the  two  types  could  be  identical.  This 
separation  is  not  a  mere  convenience  as  we  shall  see  when  we  discuss  the  physical  forces  that  control  the 
dynamics  of  the  system.  That  the  two  are  intertwined,  however,  was  known  by  Stern  [3]  who  assumed  that 
apart  from  the  electrostatic  and  thermal  forces  adsorptive  forces  were  also  acting  on  the  ions.  We  now 
know  that  physisorptive  (van  der  Waals)  and  chemisorptive  forces  act  on  these  ions.  There  is  also  an 
aucpientation  of  the  adsorptive  forces  which  has  not  been  considered  before  and  which  we  call  the  chemo- 
stress  effect  [4-7]. 

The  central  point  is  that  the  electrostatic  forces  between  the  ions  are  long  range  and  therefore  the 
presence  of  a  given  ion  significantly  affects  the  distribution  of  other  ions.  As  a  result  virial-type 
expansions  cannot  be  performed  as  in  the  case  of  imperfect  gases.  It  was  this  point  that  led  Debye  and 
Huckel  to  develop  a  theory  using  the  Poisson-Boltzmann  equation.  In  fact,  the  virial  expansion  fails 
(divergences  result)  for  potentials  that  fall  off  slower  than  the  fourth  power  of  the  distance.  In 

contrast,  the  van  der  Waals  interaction  falls  off  very  rapidly,  as  (distance)'^,  so  that  an  Ursell- 
Mayer-type  virial  expansion,  which  is  used  for  example  to  obtain  the  equation  of  state  of  a  gas,  does  not 
create  divergence  problems,  A  significant  point  of  this  discussion  for  the  present  problem  is  that  owing 
to  the  long  range  of  the  electrostatic  forces  there  is  a  net  repulsive  force  between  two  charged  particles 
of  like  charge  or  between  colloidal  particles  of  the  same  type  carrying  the  same  charge  since  the  halo  of 
opposite  charges  that  neutralizes  the  given  charges  on  a  given  colloidal  particle  extends  very  far  owing 
to  the  long  range  of  the  forces.  There  is  thus  a  balance  between  the  attractive  van  der  Waals  force  and 
the  repulsive  electrostatic  forces  and  agglomeration  results.  The  same  phenomenon  would  occur  between 
adsorbate  ions  or  colloidal  particles  and  the  metal  surface  when  the  zeta  potential  of  the  metal  is 
reduced  to  zero.  It  can  be  shown  in  detail,  using  a  theorem  of  electrostatics,  that  agglomeration  results 
only  when  the  zeta  potential  is  zero  and  not  when  the  zeta  potential  is  either  negative  or  positive.  Thus 
a  significant  amount  of  ion  migration  to  the  metal  surface  and  its  subsequent  diffusion  into  the  metal 
occur  only  when  the  zeta  potential  is  reduced  to  zero. 

We  have  mentioned  earlier  that  the  fundamental  quantity  in  our  theory  is  the  chemical  potential  of  the 
second  kind  of  impurity  ion,  such  as  an  oxygen  or  a  sulfur  ion,  and  that  this  chemical  potential  will  be 
position  dependent  and  thereby  cause  migration.  The  fundamental  quantity  that  causes  diffusion  is  not  the 
concentration  gradient  [8].  For  weak  electrolytes  Oebye-Huckel  theory  gives  an  explicit  expression  [9] 


for  the  chemical  potential  of  an  ion:  ^  m  A  ^ 
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where  is  the  activity  coefficient  of  the  ith  ion,  I  is  twice  the  ionic  strength,  is  the  charge  on 
the  ith  ion  and  e  is  the  charge  on  a  proton. 

The  activity  coefficient  thus  depends  upon  the  long-range  interaction  forces  that  act  upon  the  ith 
ion  and  this  makes  the  determination  of  ^  for  the  more  complicated  charge  distribution  (which  we  are 
discussing)  around  the  given  ion  rather  difficult.  In  short  this  becomes  a  rather  complex  many-body 
problem.  Beyond  this  complexity  we  shall  need  to  consider  the  chemostress  effect  which  complicates  the 
theoretical  determination  of  ^  even  further.  It  is  for  these  reasons  that  at  present  an  analytical 

formulation  completely  based  on  first  principles  and  solution  of  the  problem  using  quantum  statistical 
mechanics  is  out  of  the  question.  Rather  the  problem  must  be  broken  down  into  coherent  parts  so  that 
after  the  establishment  of  valid  phenomenological  parameters  we  could  perhaps  perform  calculations  of 
molecular  dynamics  to  follow  the  migration  and  rearrangement  of  ions. 

More  specifically,  the  theoretical  demonstration  of  the  existence  of  a  gradient  toward  the  surface  of 
the  chemical  potential  of  an  ion  in  an  electrolyte  with  and/or  without  the  Helmholtz-Gouy-Chapman  charge 
layer  for  the  metal  surface  is  a  non-trivial  problem  of  theoretical  physics.  Even  so,  the  phenomenologi¬ 
cal  description  given  earlier  which  is  based  on  experimental  findings,  does  provide  a  sufficient  rational 
basis  on  which  to  build  our  model.  The  role  of  such  a  phenomenological  theory  becomes  clear  when  it  is 
realized  that  in  the  not  so  distant  future  molecular  dynamics  calculations  could  be  performed  to  follow 
the  actual  migration  of  the  ions  utilizing  the  parameters  that  are  arrived  at  by  the  phenomenological 
theory. 


We  now  d’seuss  the  role  of  the  second  major  effect,  i.e.,  the  chemostress  effect.  When  an  ion  or  a 
neutral  atom  or  particle  is  sufficiently  near  the  metal  surface,  i.e.,  jf  the  order  of  a  few  atomic  radii, 
near  a  crack  tip,  the  chemostres  effect  becomes  very  strong  owing  to  the  high  stress  concentration  factors 

of  about  10^  that  exist  there 


.  We  have  shown  [4  5]  that  the  chemical  potential  of  the  adsorbate  changes 
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crack  tips  owing  to  change  of  stress  in  the  solid  per  10  kbar  pressure  change.  Although  the  calculation 
was  done  for  NaCl  substrates,  a  similar  result  is  obtained  for  metals.  When  the  zeta  potential  is  brought 
to  zero  by  impurity  ions,  tenacious  adsorptive  binding  to  or  agglomeration  with  the  metal  substrate 
results.  However,  the  chemostress  effect  will  ensure  that  the  adsorbate  is  preferentially  attracted  to 
the  crack  tips  and  in  addition  it  will  also  cause  a  stronger  (because  of  a  deeper  potential)  binding  and 
may  induce  chemisorptive  binding  so  that  electron  sharing  would  take  place.  It  is  therefore  to  be 
expected  that  the  chemical  bonds  of  the  atoms  of  the  metal  near  the  turf ace  would  change  resulting  in  a 
change  in  the  cohesive  forces  and  oxidation  rates  [10]. 


We  now  consider  the  diffusion  of  the  impurity  ion  into  the  metal  starting  at  the  crack  tip;  it  must  be 
pointed  out  that  the  present  argument  is  not  necessarily  confined  to  the  existence  of  a  crack  tip  at  the 
surface  of  the  solid,  for  indeed  imperfections  which  have  been  well  studied  such  as  asperities,  steps, 
voids,  dislocations,  and  interstitials  would  also  change  the  adatom-solid  interaction  potentials  and  high 
stress  concentrations  would  exist  in  the  vicinity  of  these  imperfections. 


least  locally,  bearing  dissociated  ions.  It  has  been  shown  elsewhere  that  electrostatic  charges  can 
exist  in  the  lubricant. 


In  addition  to  these  ions,  particulate  matter  will  be  worn  off  in  the  form  of  the  metal  and  Its 
compounds  such  as  oxides,  and  bubbles  will  also  be  present.  All  these  additonal  impurities  can  act  as 
colloidal  particles  in  the  electrolyte  solution.  Once  free  ions  are  formed  within  the  lubricant,  they  can 
migrate  to  the  surface  of  the  metal  forming  the  well-known  Helmhol tz-Gouy-Chapman  layer  of  electrical 
charge  distribution  at  and  near  the  lubricant-metal  boundary,  which  is  shown  schematically  in  Fig.  1  in  a 
simplified  form  {for  a  more  detailed  representation  of  this  layer  with  specifically  adsorbed  ions  see 
Figs.  2,  3,  and  4). 

The  so-called  "zeta  potential"  is  the  potential  due  to  the  outer  diffuse  layer  of  the  distribution, 
i.e.,  the  Gouy-Chapman  layer.  We  note  that  there  is  a  zeta  potential  for  both  the  colloidal  particles 
dispersed  in  the  electrolyte,  and  those  present  at  the  metal -electrolyte  interface.  Furthermore,  the  zeta 
potential  of  the  colloidal  particles  can  be  positive  or  negative,  as  Table  1  shows. 

TABLE  1 

Zeta  potentials  for  colloidal  particles  dispersed  in  pure  water 


Dispersed  phase 

Zeta  potential 
(V) 

Fe,0, 

+0.044 

Ir?n^ 

+0.028 

Oil  (emulsion) 

-0.046 

Air  bubbles 

-0.058 

It  is  important  to  note  that  the  zeta  potentials  for  ^©202  and  oil  (emulsion)  have  about  the  same 

value  but  opposite  signs  so  that  it  is  possible  that  certain  combination  of  colloidal  particles  when 
intermixed  could  give  an  effective  overall  zeta  potential  of  zero  at  a  distance  from  that  combination  of 
colloidal  particles. 

What  is  important  for  the  present  analysis  is  the  experimental  observation  of  Fowls  which  showed  that 
the  zeta  potential  ^  of  colloidal  particles  is  dramatically  affected  by  the  addition  of  certain  impurity 
ions  (salts);  the  zeta  potential  of  oil  drops  in  water  was  measured  by  measuring  the  velocity  of  the 
colloidal  particle  (oil)  under  the  infiuejjce  of  an  externally  applied  electric  field  E,  i.e.,  the 

electrophoretic  velocity  u  given  byV®s^where  E  is  the  applied  electric  field,  c  is  the  dielectric 
constant,  n  is  the  viscosity  and  a  a  parameter  which  is  (4^)"^  for  cylindrical  colloidal  particles  and 

(6r.)'^  for  spherical  colloidal  particles.  The  data  of  Powis  which  are  shown  in  Fig.  5  combined  with  eqn. 
(1)  indicate  clearly  that  the  zeta  potential  can  be  made  zero  by  the  addition  of  certain  impurity  ions. 

The  above  observation  becomes  even  more  significant  when  combined  with  the  following  experimental 
observation  by  Gouy  [1]  that  the  maximum  of  the  electrocapillary  curve  is  reduced  by  the  presence  of 
certain  ions  in  the  electrolyte  solution,  as  shown  in  Fig.  3  where  y  is  the  surface  tension  and  £  is  the 
applied  electromotive  force  (the  applied  voltage).  This  is  so  since  by  the  Lipmann-Helmholtz  equation 


where  o'  is  the  charge  on  the  metal  near  its  surface.  This  equation  implies  that  at  the  maximum  of  the 
electrocapillary  curve  o’  =  0  and  therefore  all  the  other  charges  are  also  neutralized  or  depolarized, 
i.e.,  the  zeta  potential  is  also  zero.  Before  delving  into  an  explanation  of  these  observations  we  need 
to  add  to  them  a  third  observation:  when  the  zeta  potential  of  the  colloidal  particles  is  brought  to  a 
zero  value  (as  measured  by  ^e  electrophoretic  velocity)  agglomeration  of  the  colloidal  particles  results. 
Numerous  experiments,  e.g.,  by  Riddick  [2],  in  recent  years  have  reaffirmed  this  observation.  We  shall 
dwell  on  the  physical  forces  which  cause  the  agglomeration  as  it  is  an  important  part  of  our  model  but 
before  doing  that  let  us  combine  these  three  experimental  observations.  Since  there  is  also  a  zeta 
potential  for  the  charge  distribution  at  the  metal-electrolyte  interface,  the  addition  of  impurity  ions 
could  bring  this  zeta  potential  to  a  zero  value  and  agglomeration  of  certain  ions  or  charged  colloidal 
particles  could  then  occur  with  the  metal;  at  the  same  time  o’  and  the  surface  tension  could  be  reduced  to 
zero.  In  the  case  of  a  liquid  metal,  a  reduction  of  surface  tension  is  just  the  reduction  of  cohesive 
forces  between  the  atoms  of  liquid  metals  such  as  mercury  since  it  can  be  ob5.erved  directly  in  an  electro¬ 
capillary  experiment.  However,  there  is  no  doubt  that  the  fundamental  quantity,  i.e.,  the  cohesive  force, 
does  exist  in  both  liquid  and  solid  metals  (of  course  of  different  magnitudes)  leading  in  both  cases  to  a 
surface  free  energy.  In  fact  within  metal  alloys  the  surface  tension  at  gra^n  boundaries  is  perhaps  the 
fundamental  quantity  determining  the  size  of  the  grains  and  therefore  the  mechanical  properties  of  the 
metal.  Again  if  we  were  to  go  so  far  as  to  allow  motion  of  ions  as  opposed  to  electrons  in  the  metal  as 
charge  rearrangements  occur  owing  to  the  reduction  of  the  zeta  potential  to  zero  at  the  electrolyte  side 
of  the  metal-electrolyte  boundary,  then  it  is  not  surprising  to  find  that  the  surface  free  energy  or  the 
surface  tension  would  be  altered;  thus  it  is  intuitively  clear  that  there  is  an  analogue  of  the  Gouy 
effect  even  for  solid  metals. 


Solomon  [6]  refers  to  "the  Report  of  the  Research  team  of  the  Boeing  Company  dealing  with  pitting 
observed  on  the  outlet  valve  of  the  HP  hydraulic  systems  in  the  Aircraft."  He  says  "They  had  proven  the 
existence  of  electrostatic  charges  .  .  .." 
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•SUMMARY 

A  theory  of  chemo-mechanical  interaction  is  developed  to  explain  several  disparate  phenc'iena  in  the 
field  of  tribology  on  a  quantitative  basis.  The  important  new  quantity  in  this  theory  is  the  variation  of 
the  Gibbs  chemical  potential  with  stress,  a  quantity  formulated  and  calculated  explicitly  using  statisti¬ 
cal  thermodynamics  and  many-body  theory,  called  the  chemo-stress  coefficient.  The  theory  gives  the  basis 
for  quantitative  explanation  of  stress  corrosion,  fretting  corrosion,  the  Rehbinder  effect,  and  enhanced 
chemical  activity  on  solid  surfaces.  In  particular  it  suggests  methods  of  arresting  corrosion  by  con¬ 
trolling  the  charge  distribution  of  electrolytes  near  the  surface  of  the  solid.  A  mechanism  for  pitting 
corrosion  observed  on  lubricated  load  bearing  surfaces  of  mechanical  components  such  as  gears  is  proposed. 
This  theory  emphasizes  the  importance  of  specific  ions  in  the  lubricant  which  migrate  to  the  tips  of 
cracks  and  diffuse  through  near-surface  layers  of  the  metal  thereby  causing  volumetric  changes  leading  to 
blistering  or  pitting. 


The  migration  of  specific  ions  in  the  lubricant  and  in  the  metal  is  governed  by  a  single  fundamental 
quantity,  the  gradient  of  the  chemical  potential  of  the  ion  in  the  medium  in  which  it  is  situated. 

Gibbs  introduced  the  concept  of  the  chemical  potential  into  mechanistic  thermodynamics  which  had 
previously  been  developed  by  adding  to  the  equation  which  expresses  the  first  and  second  laws  of  thermo 

dynamics,  namely  dE  *  TdS-pdV,  the  term  I  u^dN^.  where  £,  T,  S,  P,  V  are  the  internal  energy,  temperature, 
entropy,  pressure  and  volume  of  the  system;  the  new  quantity  is  the  chemical  potential  of  the  i-  the 
component  and  N^  the  number  of  atoms  or  molecules  in  the  i-  th  component  of  the  system,  in  a  more  general 
case  the  term  pdV  can  be  replaced  by  de^j  where  fs  the  stress  and  the  strain,  i  -  1,  2,  3. 

The  gradient  of  the  chemical  potential  in  turn  is  modified  and  controlled  by  two  fundamental  effects. 
The  first  is  the  chemostress  effect  which  is  the  change  in  the  chemical  potential  of  an  adsorbate  when  the 
substrate  solid  is  subject  to  a  stress  field  due  to  externally  applied  stresses  and/or  residual  internal 
stresses  near  its  surface,  e.g.,  at  crack  tips  or  defects.  The  second  effect,  called  the  Gouy  effect  is 
the  change  in  the  surface  energy  of  a  metal  in  contact  with  an  electrolyte.  These  two  effects  can  act 
Synergi stical ly  to  Increase  the  rate  of  migration  to  the  tips  of  cracks  at  the  metal  surface  thereby 
providing  the  concentration  and  chemical  gradients  for  anomalously  high  rates  of  diffusion  into  the 
near-surface  bulk  of  the  solid  at  defects. 


The  process  leads  to  a  reduction  of  the  cohesive  forces  between  the  original  bulk  atoms,  causing 
volumetric  increases  which  in  turn  increase  the  stress  concentration  at  the  defects.  Since  increased 
stresses  cause  a  further  increase  in  the  chemical  potential  of  the  impurity  ions,  the  process  becomes  an 
avalanche  which  ultimately  leads  to  an  increase  fn  the  defect  structures,  the  breaking  of  bonds,  and  the 
lifting  of  material  such  as  a  grain  or  a  collection  of  atoms. 

It  was  not  until  recently  that  the  possibility  of  a  chemical  potential  to  carry  detailed  microscopic 
information  on  the  state  of  stress  in  a  solid  or  on  the  surface  of  a  solid  was  considered.  This  pos¬ 
sibility  elucidates  the  coupling  between  chemical  and  mechanical  interactions  at  the  atomic-molecular 
level,  particularly  in  situations  where  chemical  reactions  occur  in  heterogeneous  systems  such  as  at  a 
gas-solid  interface.  This  effect  we  have  called  the  chemostress  effect.  It  is  represented  by  the 

dependence  of  the  chemical  potential  ^  on  stress  o  through  the  derivative^^  which  we  call  the  chemo¬ 
stress  coefficient.  The  quantity  a  is  an  abbreviation  for  o.^  where  i,  J  =  1,  2,  3  in  the  general 
case,  so  that  the  derivative  is  to  be  considered  in  the  sense  of  Frechet. 


The  Importance  of  chemical  potential  can  be  seen  whenever  phyisorptfon,  chemisorption,  diffusion,  and 
chemical  reactions  are  involved  in  a  given  phenomenon  because  it  is  this  chemical  potential  that  drives 
the  process.  In  the  case  of  diffusion  for  example,  it  is  not  Pick’s  law  whic  i  is  fundamental  b^t  ^ne 

that  starts  from  the  gradient  of  the  chemical  potential^^  and  in  a  stressed  environment  it  is^=  . 
Other  dependences  ^  ^in^o^ved  such^as  temperature,  electric  and  magnetic  fields,  etc.  Thus  such 
quantities  as^^5V  will  be  involved,  where  E  and  H  are  the  electric  and  magnetic 

fields  respectively.  It  is  possible  that  in  some  cases*^^  and could  be  important  but  it  is  unlikely 
that  these  coefficients  have  ever  been  measured. 


Another  quantity  that  can  play  a  significant  role  in  the  wear  process  is  diffusion  of  certain  species 
into  the  solid  and  under  some  stress  conditions  anomalously  high  rates  of  diffusion. 


A  lubricant  between  two  metal  components  may  at  first  be  electrically  non-conductive  but  as  wear 
progresses  its  chemical  components  will  decompose  and  It  can  become  a  weak  electrolyte  "solution,"  at 
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tacts  such  as  those  occurring  between  gear  teeth  and  the  rolling  elements  and  raceways. 
Among  the  goals  of  current  development  programs  are  increased  reliability,  and  power  -  to - 
weight  ratio  of  power  transmission  systems.  Considerable  effort  has  been  directed  at 
improving  the  performance  of  spur  gears  with  respect  to  these  two  criteria. 


AiR 


Fiq.  9  -  Advanced  machine  for  lubrication  film 
evaluation,  Ref.  10, 

The  prt)blem  of  lubrication  in  year  teeth  is  that  the  elasto-hydro-dynamic  contact 
has  to  start  and  finish  on  every  tooth.  As  the  instantaneous  line  of  contact  moves  over 
the  oil  wetted  surface,  an  oil  film  becomes  trapped  between  the  surfaces  duo  to  the  high 
viscosity  that  develops  at  the  contact  pressures  existing  between  the  teeth.  Such  condi¬ 
tion  h.as  more  to  be  investigated  using  disk  machines  which  can  maintain  continuously  the 
condition  at  one  point  during  the  action  of  two  teeth.  Although  tlie  central  portion  of 
Ihv  contact  zone  can  be  generating  near  perfect  oil  films,  the  edge  discontinuities  are 
still  the  regions  where  lubrication  breakdowns  most  fr-’quently  occur. 

only  if  the  true  origin  of  a  lubrication  breakdown  is  recognized  will  it  be  possible  to 
.uiccesa  f  u  1  1  y  r.;odify  future  ^icsigns  .so  that  higher  loads  can  bo  achieved. 

One  possibility  for  improving  tlie  performance  of  spur  gears  is  to  realize  high  contact 
ratio  gearing  without  lubrication  breakdowns. 

tliastohydrodynamic  lubrication  may  be  viewed  as  one  of  the  major  needed  developments 
in  the  field  of  tribology  in  the  twentieth  century,  in  order  to  improve  helicopter  trans- 
missicn  efficiency.  The  objective  of  the  research  is  first  to  understand  how  thin-film 
lubrication  works  so  tliat  it  can  be  fully  utilized  and  second  to  formulate  better  lubri¬ 
cants  . 
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eiasto-hydro-dyna;Dic  contact  <;ivos  rise  to  a  diffraction  figure.  In  absence  of  lubrica  t, 
the  nicnochromatic  and  coherent  laser  light  establishes  a  relation  in  between  film  thick 
ness,  light  wave  length  ancl  distance  ajnon<r  fringes  in  the  diffraction  figure.  The  image 
IS  distorted  because  c;f  the  lubricant,  but  Willis  is  able  to  carry  out  an  empirical  re¬ 
lation  between  the  hoiqiits  measureci  with  and  without  fluid.  Wedeven  (1  975)  proposes  a 
machine  analogue  to  the  one  of  Koord,  but  with  the  possibility  to  evaluate  the  contact 
friction  force.  Jackson  and  Canieron  (L  9761  build  another  simple  machine  to  measure  film 
height  and  shape  in  not  perfectly  smooth  contact.  Wedeven,  .still  in  presence  of  not  per¬ 
fectly  smootn  surfaces,  investigates  tlie  olasto-hydro-dynamics  (1  978  and  1  982).  Daimaz 
(1  979)  t'.as  recently  used  tne  in  t  o  r  te  rome  t  r  ic  nw*tiiod  to  detect  contemporarely  film  height 


and  shape,  and  friction  fcirce. 

Among  tiie  recent  real  izations ,  the  devices  of  Hartnett  a.nd  Kennel  (1  981),  Safa  and 
Others  (1  98^),  and  bantu  (1  983),  still  in  the  expo r inu'ntal  phase,  are  to  be  mentioned, 
respectively  in ves 1 1  c;a ting  on  the  contact  zone  pressure  behaviour,  on  the  thickness, 
pressure  ana  temperature,  measuremc'nts ,  and  on  the  lubricant  film  thickness  trough  ra¬ 
dioactive  fluids. 


The  most  important  parameters  characterizing  an  elasto-hydro-iiyr.amic  contact,  i-c- 
iieight  and  shape  of  the  lubricant  film,  pressure,  frictu>n  force*  and  temperatare,  iiavo 
been  measured  with  various  methods. 

Summarizing,  the  methods  for  the  lubricant  thickness  measurement  are: 

-  electrical,  electrical  resistance  (to  show  the  presence  of  lubricant  in  the  contact 
zone),  electrical  capacity  (this  depending  upon  tlurkness,  lubricant  dlolectiic  con¬ 
stant,  shape  and  surface  area); 

-  X  rays  (thickness  of  the  lubricant  film  measured  by  Geiger  counter  on  the  rays  goirus 
across  the  contact  zone); 

-  interferometric  detection  (suitable  for  c lasto-hydro-dynamic  film  shape  and  size  in 
point  contacts;  the  best  one  until  now); 

-  laser  (interpretation  of  diffraction  figures  across  laser  coherent  monochromatic  light 
beam) ; 

-  mechanical  technique  (strain“ga<;e  for  detecting,  for  example,  the  <Je Corruption  of  thcbpll 
bearing  external  ring  during  operation,  from  which  deducing  clearances  and  charges). 

The  only  method  suitable  for  pressure  measurement  is  th.  t  one  employing  manganinc, 
even  though  with  problems  to  connect  pressure  and  manganine  resistance;  however  this 
experimental  method  is  in  agreement  with  theoretical  and  hertzian  charge  conditions. 

To  detect  the  friction  force,  there  are  various  methods:  moment  measurement  (on  a 
disk  of  contact);  force  measurement  (axial  thrusts  between  the  contact  bodies), 

Tiie  temperature  is  measured  by  thermocouples  (average  temperature  between  inlet  and 
outlet  of  the  contact  zone),  metallic  films  (electrical  resistance  variation  of  a  very 
thin  metallic  film  as  function  of  the  temperature  gradient  across  the  lubricant  film), 
infrared  ray  measurement  (suitable  for  real  temperature  behaviour  on  a  point  contact). 

An  advanced  experimental  machine  is  recently  proposed.  Ref.  lo,  for  measuring  lubri¬ 
cant  film  thickness  and  shape  in  a  elasto-hydro-dynamic  lubrication,  suitable  to  simu¬ 
late  the  commonly  used  mechanical  contacts,  e.g.  that  between  sphere  and  rolling  bearing 
racewas.  The  device  is  also  able  to  measure  friction  force,  pressure  and  temperature. 

The  optical  interferometric  method  is  used  for  the  thickness  exaluation,  in  roli'ng  and 
sliding  tests  betv.een  a  metallic  cylinder  and  glass  disk,  mutually  perpendicular  and 
pressed  each  other  with  a  force  up  to  100  N  in  a  peripheral  velocity  range  variable  from 
0-1  to  6  m/s.  friction  force  developed  in  the  contact  may  be  in  between  0,02  -  10  N.  Oil, 
with  density  and  viscosity,  respectively,  8  000  -  20  OOO  N/m*  at  293  K  and  O.Ol  -  2.00 
Pa-s,  is  admitted  to  the  contact  zone  at  flow  adequate  to  the  lubricant  film  formation 
between  the  bodies.  An  oil  temperature  of  293  -  343  K  is  not  to  be  exceeded  at  the  contact 
inlet,  whose  jet  has  to  be  opportunely  screened  in  such  a  way  to  interest  only  the  con¬ 
tact  surfaces.  A  view  of  the  machine  is  shown  on  figure  9. 


FUTURE  REQUIREMENTS 

The  emphasis  in  helicopter  gearbox  development  has  concentrated  on  those  design  in¬ 
novations  which  will  permit  high  temperature  operation  at  increased  speeds  without  de¬ 
grading  strength  or  weight  goals.  To  provide  high  temperature  capability,  the  main  trans¬ 
mission  housings  are  starting  to  be  fabricated  from  a  sta..nless  steel  alloy  to  replace 
the  conventional  magnesium  alloy  casing.  In  the  coming  decades  there  will  be  further  ad¬ 
vancements  in  all  aspects  of  gearing  development,  with  increased  emphasis  placed  on  such 
areas  as:  new  gear  materials  with  increased  survivability  traits,  particularly  running 
at  higher  temperatures;  new  gear  designs  with  improved  C4ynamic  characteri.stics  resulting 
in  reduced  noise  generation;  significant  improvement  on  lubrication  of  non-conforma  1  con- 


provisions  to  collect  and  measure  the  heat  generation  due  to  mechanical  power  losses  in 
tne  transmission.  All  the  lubricants,  near  to  the  5-7  centistoke  range  in  viscosity,  are 
tested  for  physical  properties,  contaminants,  and  wear  particles  prior  to  and  after  com¬ 
pletion  of  all  test  runs.  Efficiency  test  runs  have  to  be  made  with  the  oil  inlet  tem¬ 
perature  controlled  to  within  less  than  one  degree  kelvin,  at  oil  temperatures  ranging 
from  350  to  370  K,  at  full  power  condition  of  the  test  transmission.  After  the  tests  are 
completed,  the  transmission  is  disassembled,  cleaned  and  visually  inspected  for  changes 
in  tne  gear  and  bearing  surfaces. 


ADVANCED  EXPERIMENTS  ON  ELASTO-HYDRO-DYNAMIC  LUBRICATION 

Devices  with  disks,  spheres  or  oblique  cylinders,  have  been  realiaed,  respectively 
for  linear  and  point  contacts,  since  35  years  ago,  for  measuring  oil  film  thickness  and 
simulating  the  actual  operation  of  usual  mechanical  couplings.  Even  before,  experi¬ 
ments  were  made  with  teeth  wheels  to  demonstrate  the  lubricant  presence  at  the  contact 
zone,  verifying,  after  the  test,  the  operation  signs  or  the  superficial  damage  lack. 

So,  in  1935  the  Merrit  disk  machine  was  yet  simulating  teeth  contact,  to  evaluate  fric¬ 
tion  coefficient  in  absence  of  lubricant  film.  In  1  952,  Lane  and  Hughes  registered 
the  lubricant  film  through  the  measurement  of  the  electrical  resistance  difference, 
only  some  ,,  for  the  lubricant  layer  in  comparison  to  lo’ il  for  metallic  surfaces.  Ca¬ 
meron  (1  954)  reveals  that  the  lubricant  electrical  characteristics  depend  upon  the 
current  intensity,  and  Lewicki  (1  955)  verifies  that  such  measuring  method  gives  not 
satisfactory  values  of  the  lubricant  thickness  because  of  superficial  asperities  and 
eventual  suspended  particles.  He  builds  a  two  lubricated  disk  machine  through  which  the 
film  thickness  is  evaluated  from  the  electrical  capacity  difference,  with  acceptable 
values  of  mm.  In  1  958,  Crook  overcomes  the  difficulties  due  to  the  uncertinesses 

on  the  lubricant  electrical  characteristics  connecting  capacity  to  fluid  flow,  measuring 
tne  friction  anu  the  average  film  thickness.  Hisharin  (1  958)  and  Smith  (1  959),  through 
steel  disks  extends  experimental  studies  of  friction  at  different  rolling  and  sliding 
velocities  as  function  of  the  lubricant  charge  and  temperature.  El-Sisi  and  Shawki 
(1  960)  try  to  check  the  film  height  through  a  resistive  method,  adding  additives  to 
tne  oil  for  avoiding  influence  of  the  temperature  on  the  electrical  resistance,  rather 
With  unsatisfactory  results.  Another  device  for  the  lubricant  film  thickness,  this  be¬ 
ing  a  little  higher  than  the  superficial  asperities,  was  one  utilizing  a  x  ray  beam 
(Sibley,  Bell,  Orcut  and  Allen,  i  960),  in  which  the  ray  beam  is  subjected  to  diffrac¬ 
tion  in  going  across  the  crystal,  obtaining  a  monochromatic  collimated  beam,  whose  shape 
and  magnitude  are  registered  through  a  variable  wideness  fissure.  The  x  ray  beam  is 
impacting  the  contact  zone  and  absorbed  by  the  steel  disks  more  than  by  the  lubricant; 
the  across  passing  beam  is  measured  by  a  Geiger  counter  and  used  for  deducing  the  film 
tliickness,  with  values  in  agreement  with  Ref.  9,  even  though  the  measures  heights  resut- 
cd  a  little  less  than  those  theoretically  computed.  Archard  and  Kirk  (1  961)  show  the 
persistence  of  the  lubricant  film  even  in  condition  of  point  contact,  using  a  two  mutual 
perpendicular  cylinders  device  at  variable  approach  (through  a  hydraulic  piston)  during 
the  motion;  adequate  electrical  insulation  and  particular  lig  contacts  giving  the  values 
of  the  heiglit  and  friction  force  with  a  capacity  method. 

At  early  '60,  the  theory  results  start  to  be  experimentally  verified.  In  particular,  re¬ 
garding  the  lubricant  film  shape,  they  try  to  show  the  almost  parallelism  between  the 
deformed  surfaces  at  the  contact  centra)  part  and  the  outlet  zone  restriction.  It  is 
again  Crook  (1  961)  to  use  a  4  disk  device,  with  which  he  is  able,  for  the  first  time, 
to  experimentally  deduce  t)ie  film  shape  in  the  case  of  linear  contact,  through  a  capac¬ 
itive  method,  even  though  with  the  uncertainess  about  the  Influence  of  the  pressure. 
During  recent  years  the  pressure  behaviour  in  the  lubricant  film  is  considered.  So,  Htg- 
ginson  (1  962)  investigates  the  pressure  behaviour  between  a  bronze  cylinder  and  a  plas- 
block  in  mutual  contact  for  a  sufficiently  wide  surface,  rather  with  negligible  effect 
of  the  pressure  on  the  viscosity.  Dowson  and  Longfield  (1  963)  measure  the  pressure  be¬ 
haviour  at  the  contact  of  2  metallic  surfaces,  rather  with  too  wide  contact  zone.  Ken¬ 
nel,  Bell  and  Allen  (1  964)  develop  a  method  with  manganine,  a  nickel,  manganese  and 
copper,  alloy,  whose  electrical  resistance  is  influenced  by  the  pressure. 

The  first  interferometric  device  is  built  by  Cameron  and  Gohar  (I  966),  from  which  the 
film  height  and  shape  for  a  point  contact  is  measured.  Better  results  are  obtained  by 
Foord  and  Others  (1  969)  usin'f  tlic  same  principle,  measuring  the  temperature  through  a 
thermocouple,  studying  the  pure  rolling  but  not  rolling  and  ^'liding  velocities  together. 
Meyer  and  Wilson  (1  971)  use  a  charged  ball  bearing  and  a  stj  in  gauge  for  measuring 
the  film  thickness  between  balls  and  rolling  race.  A  more  detailed  measure  of  the  tem¬ 
perature  at  the  contact  zone  is  obtained  by  Turchina  and  Others  (1  974).  They  use  a  now 
technique,  later  developed  by  Ashermann  (1  976)  and  Magary  (1  977),  non  interfering 
with  the  eiasto-hydro-dynamic  contact,  and  based  on  the  lubricant  capacity  to  release 
infrared  rays  in  quantity  dependent  from  the  temperature.  A  further  device  for  the  film 
thickness  evaluation  is  built  by  Willis  and  Others  (1  975)  exploiting  the  diffraction 
phenomenon  of  a  laser  beam.  A  light  beam  passing  across  a  small  fissure,  in  the  case  of 


Fig.  1  -  Rotating  elastic  bodies  separated 
by  variable  viscosity  fluid 


Fig.  3  -  Adimensional  pressure  distribution 
in  the  lubricant  film 


Fig.  5  -  Adimensional  film  thickness  in 
the  lubricant  film 


Fig.  7  -  Comparison  between  results  of 
theories 


Fig.  2  -  Rotating  bodies  approximate  in 
shape  around  x  =  0 
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Fig.  4  -  Dimensional  pressure  distribution 
in  the  lubricant  film 


Fig.  6  -  Dimensional  film  thickness  in  the 
lubricant  film 


Fig.  8  -  Friction  coefficients  between  two 
oppositely  moving  surfaces 


-  the  diiTiensional  film  thickness  A  =  n/h',  for  the  same  values  of  A,  fiijure  S,  and  the 
dimensional  thickness  h  for  the  above  mentioned  values  of  ,  u,  k,  t:*,  figure  6; 

-  the  adimensional  lift  W  =  w  i\*/24  UR,  where  w  is  the  unit  lenqht  charge  as  function  of 

T.  In  the  following  Table  are  reported  the  values  of  ,  S  =  T  and  M  =  12  V.'A. 

In  figure  7  the  values  of  S  and  M  ,  according  the  perturbation  solution  of  Kef,  1,  are 
coripared  witii  the  o'les  of  Kef.  £  (lubrication  nr^tween  rioid  cylinders.  Ref.  7  (itera¬ 
tive  method),  and  Ref.  b. 

In  technical  applications  of  the  e las to-hydro-dynarr.ic  theory,  the  fundamental  varia¬ 
ble  is  the  minimum  lubricant  film  thickness,  from;  t))e  other  hand  so  high  to  avoid  con¬ 
tacts  between  superficial  asperities. 

The  computation  procedure  for  counter-rotating  cylinders,  roller  bearings  and  gears,  con¬ 
sists  on: 

-  deducing  the  dimensional  variables 


-  computing  the  adimensional  variables 


U  =  ri  U/E'  R  W  =  w/E'  R 
o 

-  witn  the  corresponding  value  of  N  =  w(E’  R /2  n  li) ‘/’ /£’  R  is  deduced  S  from  the  dia¬ 
gram  S  -  N,  from  which  =  R  S  •'‘2X  to  be  sufficient  high  in  relation  to  the  average 

rugosities  r^y  and  rg  of  the  surfaces.  A  correct  operation^f rom  the  elasto-hydro-dy- 
namic  point  of  view  is  commonly  considered  with  F  =  hjjjj^j^/>  +  rg  =  1.2.  It  has  been 
experimentally  shown  that  the  life  of  a  couple  is  significantly  increasing  for  values 
F  from  1.2  to  J.O,  while  for  F  <  3  fatigue  resistance  increases  are  not  significant. 
The  physical  meaning  of  F  is  immsediate:  with  low  values  of  such  parameter,  the  asper¬ 
ities  of  the  surfaces  enter  frequently  in  contact  causing  wear;  viceversa,  beyond  a 
certain  limit,  the  distance  is  inadequate  because  pressures  are  transmitted  through  the 
fluid  layer. 

For  a  better  understanding  of  the  significance  of  F,  it  is  shown  on  figure  8  how  the 
friction  coefficient  f  between  two  appositely  moving  surfaces  is  related  to  F.  There, 
high  values  of  f  are  corresponding  to  low  values  of  F,  i.e.  a  limit  lubrication  with 
surfaces  at  direct  contact.  High  values  of  F  are  corresponding  to  viscous  fluid  in  hy- 
drodinamic  regime . 

In  conclusion,  the  present  perturbation  theory  takes  into  account  the  relevant 
equations  in  elasto-hydro-dynamic  lubrication,  i.e.;  Reynolds  equation,  viscosity  varia¬ 
tion,  density  variation  for  mineral  oil,  elasticity  equation,  and  film  thickness  equa¬ 
tion  . 

By  using  numerical  procedures,  the  influence  of  the  body  shape  and  the  dimensional  speed, 
load,  and  materials  parameters  on  minimum  film  thickness  has  been  investigated.  Equal 
consideration  is  given  to  the  effects  of  both  elastic  deformation  and  pressure  dependent 
viscosity  in  order,  for  the  resulting  film  thickness  equation,  to  adequately  represent 
counterformal  steel  components  lubricated  with  mineral  oil. 

The  lubrication  of  non-conformal  contacts  such  as  those  occurring  between  gear  teeth 
and  the  rolling  elements  and  raceways  of  rolling  bearings  is  influeiced  by  two  major 
physical  effects.  These  are  the  extent  to  which  the  lubricant  viscosity  is  enhanced  due 
to  the  pressures  to  which  it  is  subjected  and  the  degree  of  elastic  distortion  of  the 
bounding  surfaces.  Now,  the  most  typical  elasto-hyd.ro-dynamic  contact  between  two  approx¬ 
imately  moving  elements  is  the  radial  cylindrical  roller  bearing.  P’or  the  case  of  a  bear¬ 
ing  with  fixed  external  ring  and  moving  internal  ring,  the  fundamental  cinematic  rela¬ 
tions  are  those  of  the  angular  velocities  of  the  roller  center  and  the  roller  around  its 
center,  from  which  the  velocity  u  ,  to  use  in  the  formula,  is  deduced.  From  the  charge 
on  the  bearing,  the  maximum  charge  on  a  roller  and  the  above  mentioned  dimensional  param¬ 
eters  and  adimensional  variables  results.  Deduced  the  minimum  film  thickness  on  the  in¬ 
ternal  and  external  contacts  of  the  roller,  the  corresponding  values  of  the  parameter  F 
(at  rugosities  0.2  and  0.1  respectively  for  roller  and  rings)  indicate  if  the  contact  is 
correct  from  the  elasto-hydro-dynamic  point  of  view.  Choosing  ar  oil  with  higher  viscos¬ 
ity,  a  significant  increase  of  the  couple  life  is  insured  by  the  corresponding  higher 
film  thickness  and  parameters  F. 

The  behaviour  of  teeth  wheels  in  proximity  of  the  contact  regions  is  equivalent  to 
that  one  of  two  oppositely  rotating  cylinders. 

In  order  to  check  the  results  of  the  theory  in  a  helicopter  transmission  efficiency 
test,  tne  measurement  system  has  to  be  operated  in  a  thermally  insulated  environment  with 


scribed  as  rigid-isoviscous #  eiastic-isoviscous »  elasto-variable  viscosity,  and  rigid-var- 
laoie  viscosity.  For  the  case  of  line  contacts,  analytical  or  numerical  solutions  of  each 
of  ti'.ese  four  lubrication  regimes  have  been  available.  In  the  case  of  so  called  point 
contacts,  where  the  boundary  solids  have  curvatures  in  two  principal  directions,  similar 
regimes  of  lubricati ''n  are  possible  and  substantial  computational  effort  has  been  direct¬ 
ed  towards  obtaining  numerical  solutions  predicting  the  film  thickness.  This  is  partic¬ 
ularly  true  for  the  first  three  of  the  forms  of  lubrication  mentioned  above. 

Other  tentatives  of  solution  were  proposed  by  Dowson  and  Hamrock,  Ref.  3,  4  and  5, 
through  finite  elements  numerical  procedure,  considering  mere  elastic  moduli  for  both 
mate  rials . 

In  the  last  years,  the  problem  has  had  new  experimental  contributions  due  to  relia¬ 
ble  measuring  methods  of  parameters,  as  pressure  and  temperature,  on  the  elasto-hydro- 
uynamic  contact. 

Tne  general  equations  relative  to  a  linear  contact  between  two  elastic  infinite 
lengtJ.  cylindrical  bodies  separated  by  a  variable  viscosity  fluid,  figures  1,  according 
Hef.  2,  are 
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The  rotating  bodies,  approximated  in  shape  around  x  =  0  by  a  parabola,  have  the 
oil  film,  iieight,  figure  2 


h  ••  h  +  x'/dH  ^  xV2R 
O  A  B 


h  +  xV2H 
o 


considering:  incompressible  fluid,  with  viscosity  o  dependent 
vior-Stokes  equations,  elastic  deformation  v. 

The  first  equation  of  the  system  (1)  may  be  simplified  to 

So  the  system  (1)  may  be  linearized  through  a  perturbation 
ing,  with  adimensionai  variables 
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Ti^e  solution  for  p*  and  Av(X)  is  consequence  of  a  perturbation  procedure  and  adequate 
Doundar^  conditions. 

The  numerical  results  are  as  it  follows: 

-  the  distribution  of  the  adimensionai  pressure  P*  =  p  h''‘/12nu  •'^Rh',  in  which:  h'  = 

-  hy  +  v(0)  =  RT/Vu/F^'H  ;  R  =  R;^  ^  '  h  =  ,  is  function  of  the  parame¬ 
ter  T  =  in  which;  H  -  h'/^  J  I'  "  nu/£'R  ;  E'  1/2}  il  -  ^  ’ 

~  Poisson  coefficient  ;  F  =  Young  module. 

Ine  elastic  defornation  is  becoming  progressively  important,  figure  3.  The  dimensional 
distributions  of  p  are  shown  in  figure  4  as  function  of  dimensional  x  =  X»  2  R  h~^  in 
order  to  give  an  idea  of  the  behaviour  of  the  normal  olasto-hydro-dynamic  contacts,  for 
tne  following  particular  values:  u  -  1.0  m/s  ;  n  =  0.1  Pa-s  ;  E*  =  2.2  •  iO‘*N/m^; 
R  =  0.5  m ; 


cxr.  1.:  1  t.<jJ  oy  1 1  f  i  In  journal  bearings  (with  radial  clearance,  between  the  shaft  and  the 
ooari.”.'!,  ar-cut  on<j-thousandth  of  the  shaft  diameter)  and  slider  bearing  (with  inclination 
ot  tno  bearing  surface  to  the  runner  corresponding  to  one  part  in  a  thousand), 
iron  the  (jther  hand,  th.o  contact  areas  between  non-conformal  surfaces  are  very  small  in 
'.'oriparison  to  tiic  contact  areas  between  conformal  surfaces,  and  the  load  must  be  carried 
wit;i  very  ;;igh  local  pressure.  While  the  load  per  unit  area  in  non-conformal  contacts, 
suci.  as  those  tiiat  exist  in  bail  bearings  exceeds  700  MN/m^ ,  it  is  typically  only  1-7 
>LN,  nd  . 

I'h.c  maintenance  of  a  fluid  film  of  adequate  magnitude  is  an  essential  feature  of  the  cor¬ 
rect  operation  of  lubricated  machine  elements.  The  result  of  the  elastic  deformation  of 
materials  due  to  high  contact  pressures  is  a  considerable  increase  in  fluid  viscosity. 
Equal  consideration  has  to  be  given  to  the  effects  of  both  elastic  deformation  and  pres¬ 
sure  dependent  viscosity  in  order  for  the  resulting  film  thickness  equation  to  adequately 
represent  counte r- formal  steel  components  lubricated  with  mineral  oil. 

Important  problems  in  elasto-hydro-dynamic  lubrication  arise  both  on  fully  flooded 
lubricated  contacts,  in  which  the  film  thickness  is  not  significantly  changed  when  the 
amount  of  lubricant  is  increased,  and  on  the  influence  of  lubricant  starvation  on  film 
thickness  and  pressure  in  hard  and  soft  elasto-hydro-dynamic  contacts. 

The  examination  of  failed  gears  from  many  fields  of  operation,  not  only  rotorcraft, 
has  shown  characteristics  which  suggest  that  there  are  several  initiating  mechanisms 
involved.  However,  damage  to  gear  teeth  attributable  to  lubrication  lacking  is  an  impor¬ 
tant  failure  mode.  Lubrication  breakdown  can  have  its  origin  traced  back  to  the  tooth 
edges,  eitner  the  endes  or  the  tips,  or  to  other  factors  as  surface  finish  or  surface 
treatments;  tne  nature  of  the  gear  materials,  and  tlie  character  of  the  speed  and  load 
spectra,  having  considerable  influence. 

The  corriraoncst  time  of  damage  initiation  is  during  the  early  life  of  a  gear  set,  when  the 
surfaces  are  still  changing  because  temperatures  tend  to  increase  and  oil  viscosity  fails, 
rendering  the  generation  of  hydrodynamic  oil  film  less  efficient.  However,  not  solely 
progressive  loss  of  oil  film  thickness  until  intimate  metallic  contact  is  the  process 
leading  to  breakdown,  this  one  appearing  frequently  as  sudden  collapse  to  failure. 

Long  life  lubrication  breakdown  can  be  associated  with  interruption  in  lubricant  supply 
or  fatigue  of  the  metal  surfaces.  The  combined  effect  of  load  and  temperature  frequently 
causes  lubrication  breakdown. 

Since  many  lubricant  breakdowns  are  associated  with  contact  conditions,  special  teeth  end 
profiles  are  used  to  alleviate  adverse  end  stress  conditions.  Moreover,  the  surface  finish 
on  the  boundary  edges  is  important;  its  optimization  being  a  difficult  problem. 

The  lubricant  itself  is  a  link  in  the  load  carrying  chain,  but  major  improvements  in 
load  carrying  performance  can  be  reached  without  involving  oil  changes.  The  film  thick¬ 
ness  is  generated  at  the  ingoing  edge  of  the  Hertzian  zone,  and  the  radii  of  curvature  of 
these  approaching  surfaces  together  with  their  velocities  towards  the  conjunction  will  in¬ 
fluence  the  magnitude  of  the  film,  according  to  the  elasto-hydro-dynamic  development  proc¬ 
ess  . 

This  paper  has  the  purpose  to  investigate  realistically  the  elasto-hydro-dynamic 
process  and  to  improve  the  general  understanding  of  the  involved  problems,  suggesting  the 
relative  experimental  equipment. 


SOLUTION  OF  THE  ELASTO-HYDRO-DYNAMIC  GENERAL  EQUATION 

A  realistic  analysis  of  the  elasto-hydro-dynamic  lubrication  must  consider  both  the 
lubricant  effect  and  the  ela.stic  deformation  of  bearing  surfaces.  The  fundamental  equa¬ 
tions  are  at  the  sarrt?  time  thr)se  of  dynami  c  lubrication  and  elasticity.  Due  to  its  complexity 
the  problem  is  normally  treated  by  nume r ica 1 - i terati vc  methods,  but  a  proposed.  Ref.  1, 
perturbation  analytical  procedure  permits  a  better  solution,  suitable  for  transmission 
gear  tooth  contacts. 

The  method  proposed  by  Dowson  =  Higginson,  Ref.  2,  was  giving  a  satisfactory  approach 
to  the  problem,  because  their  model  was  taking  into  account  the  body  elastic  deformation, 
solving  the  elastic  hydrodynamic  linear  contact  between  elastic  surfaces  separated  by  a 
viscosity  pressure  dependent  fluid. 

More  sophisticated  models  were  followed,  considering  ellipsoid  bodies  limiting  the 
lubricant  flow,  being  tridimensional  the  pressure  distribution  along  the  contact  surf¬ 
aces,  with  pressure  and  film  thickness  depending  from  more  geometrical  variables.  The 
corresponding  film  thickness  nap  enables  the  dominant  physical  action  to  be  clearly  i- 
dentified  based  on  the  operating  conditions,  and  also  makes  possible  estimates  of  the 
appropriate  minimum  lubricant  film  thickness.  The  nature  of  the  lubrication  of  a  conjunc¬ 
tion  between  two  ellipsoid  may  be  resolved  by  the  degree  to  which  two  physical  effects 
are  influential.  The  variation  of  lubricant  viscosity  with  pressure  and  local  deformation 
of  tne  solids  under  the  action  of  high  pressure  may  or  may  not  be  important,  and  this  has 
prompted  tiie  recognition  of  four  distinctive  forms  of  fluid  lubrication,  normally  do- 
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SUMMARY 

In  helicopter  transmissions,  it  is  to  make  every  thing  is  possible  to  minimize  power 
losses  in  order  to  extend  the  performance  envelope.  The  reduction  gear  box  and  its  cor.ipo- 
nents,  from  the  engine  to  the  main  and  tail  rotors,  contain  epicyclic  and  bevel  reduction 
gears,  as  taper  thrust  and  cylindrical  roller  bearing,  subjected  to  e lasto-hydro-dynamic 
lubrication  whose  operation  needs  a  better  understanding  in  order  to  improve  present  ef¬ 
ficiency.  It  is  in  fact  known  that  a  few  tenths  of  one  percent  mechanical  power  loss  can 
be  equivalent  to  the  loss  of  many  kilowatts.  Adequate  fluid-film  lubrication,  where  elas¬ 
tic  deformation  of  bearing  surfaces  becomes  significant,  is  vital,  if  non  correct,  it 
will  lead  sooner  or  later  to  failure  of  the  main  gear  box  and  damage  to  gear  teeth  and 
bearings.  Insufficient  quantity  of  oil  would  produce,  among  other  effects,  increase  of 
stresses  on  gears,  bearing  rollers  and  races  which  would  be  submitted  to  abnormal  fa¬ 
tigue  loads  (leading  to  rupture),  as  well  as  increase  of  friction  loads  and  therefore 
higher  operating  temperature  which  would,  above  certain  value,  quickly  lead  to  bearing 
seizure . 

Since  the  lubrication  efficiency  is  depending  upon  the  elastic  deformation  of  the  contact 
surfaces,  a  theory  for  a  better  physical  interpretation  of  the  mechanism  is  here  discuss¬ 
ed  as  a  design  means  to  alleviate  adverse  stress  conditions  during  operations. 

In  the  present  paper,  the  author  is  trying  to  solve  the  problem  of  computing  the  pressure 
distribution  in  the  contact  and,  at  the  same  time,  of  allowing  for  the  effects  that  this 
pressure  has  on  the  properties  of  the  fluid  and  on  the  geometry  of  the  elastic  solids. 

The  solution  also  provides  the  shape  of  the  lubricant  film,  particularly  the  minimum 
clearance  between  the  solids. 

Finally,  it  is  proposed  an  experimental  high  performance  equipment  capable  to  simulate 
the  behaviour  of  hertian  contacts  in  elasto-hydro-dynami c  lubrication. 


LUBRICATION  PROBLEMS  IN  HELICOPTER  TRANSMISSIONS 

/\n  important  step  in  development  of  the  power  transmission  path  in  helicopters  from 
engine  to  main  rotor  shaft,  v/hiie  reducing  the  output  speed  as  it  changes  the  direction 
of  drive,  is  to  do  every  thing  possible  to  minimize  power  losses  in  order  to  extend  the 
performance  envelope.  Range,  payload,  and  operating  ceiling  can  be  increased  if  efficien¬ 
cy  is  increased.  With  ^irge,  high  power,  helicopter  applications  only  a  few  tenths  of  one 
percent  mechanical  powt  loss  can  bo  equivalent  to  the  loss  of  many  kilowatts.  There  is  a  loss 
of  3  -  4%  for  a  planetary  stage,  and  1-2^  for  a  single  gear  mesh. 

But  the  effect  on  the  operating  envelope  may  be  more  significant.  Since  all  mechanical 
power  losses  must  be  dissipated  as  heat,  improvements  in  transmission  efficiency  will 
permit  smaller  and  higher  weight  cooling  systems.  This  effect  increases  the  payload  ca¬ 
pacity  of  the  helicopter. 

The  transmission  main  box  gears  and  bearings  (planet  and  sun  gears,  bevel  ring  and  oil 
pump  gears,  taper  roller  thrust  bearing,  cylindrical  roller  bearing),  and  the  mast  bear¬ 
ing  are  lubricated  and  cooled  by  pressurized  oil.  Lubrication  of  the  main  gear  box  is  vi¬ 
tal.  If  not  correct,  it  will  lead  sooner  or  later  to  failure  of  the  main  gear  box.  Insuf¬ 
ficient  quantity  of  oil  or  use  of  unappropriate  oil  would  have  among  other  effects:  in¬ 
crease  of  stresses  on  gears,  bearing  rollers  and  races,  which  will  be  submitted  to  abnor¬ 
mal  fatigue  loads;  increase  of  friction  loads  and  therefore  higher  operating  temperature 
will,  above  a  certain  value,  quickly  lead  to  bearing  seizure. 

The  role  which  bearings  play  in  the  performance  and  durability  of  transmissions  has  long 
been  recognized.  Even  though  advances  have  been  made  in  bearing  and  lubrication  technolo¬ 
gy  during  the  past,  there  continue  to  be  problems  in  performance  limitations,  manifest  in 
the  life  and  durability  in  current  use  and  in  the  design  of  future  transmissions. 

The  elasto-hydro-dynamic  lubrication  may  be  viewed  as  one  of  the  major  developments 
in  the  field  of  tribology.  It  is  a  form  of  fluid-film  lubrication  reducing  friction  wliert^ 
elastic  deformation  of  bearing  surfaces  Ix’comcs  signi ficant j  usually  associated  with  high¬ 
ly  stressed  machine  component  such  as  gears  and  rolling-element  bearings.  The  same  mech¬ 
anism  of  lubrication  is  also  encountered  with  soft  bearing  materials  (rubber  seals  and 
tires).  In  these  applications  asperity  interact  ion  is  prevented  by  the  coherent  fluid 
films  provided  through  local  elastic  deformation. 

The  surfaces  fit  smoothly  into  each  other  with  a  high  degree  of  geomt'trical  conformity, 
so  that  the  load  is  distributed  over  a  relatively  large  area.  While  the  load  is  increas¬ 
ed,  the  load-carrying  surface  area  remains  substantially  constant.  Conformal  surfaces  are 
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FIGURE  6.  The  effect  of  electrolyte 
concentrations  upon  the  electrophoretic 
velocity  of  oil  drops  in  water. 


DISCISSION 


(Speaker  not  identified) 

SuKc  there  s^ill  he  temper. tiure  eratlienis  in  the  lubneain.  there  will  also  be  thermo-diffusion  effects.  IX  \ou  als<i 
account  tor  those  ‘ 

Author's  Kepl> 

We  can  and  do  account  tor  the  eftect  of  thermal  diffusion  as  well  as  the  effect  of  temperature  on  the  chemical  potenlt.il. 
hut  the  necessarv  physical  dvita  ma\  ttot  yet  he  availahle. 

H.Bluk.  Ne 

.As  \(tu  have  p<*inied  out.  tnicro-eracks  will  as  stress-raiscrs  he  affected  either  adversely  or  heneficiiillv  hy  the  ditlusi«)n. 
oi  sav  the  migration  of  the  ions  involved  in  your  theory. 

\V  ill  this  theory,  if  only  after  exiendini:  it  in  some  suitable  way .  account  also  lor  similar  effects  on  kinds  of  defects  other 
than  micro-cracks,  in  particular  (or  those  on  dislocations  and  inclusions  ol  foreign  material  such  as  may.  for  instance, 
occur  even  in  fairly  clean  hall-bcaring  steels  .’  f  ispccially  in  the  case  of  inclusions  the  extension  of  the  present  theory 
may  well  pro'c  a  highly  complicated  affair,  the  reason  being  that  in  the  course  of  time  the  foreign  material  c<niccrncd 
lends  to  diffuse  in  its  turn  and  thus  to  leave  an  open  hole. 

.Author's  Reply 

We  have  not  xpeeitied  the  type  of  defect  or  micro-crack.  The  ihe<»rv  is  applicable  t<»  any  type  or  to  inclusions.  1  lowcvcr. 
as  these  change  shape  or  form,  the  cffeei  naturally  changes.  While  1  think  that  it  is  possible  to  take  these  changes  into 
aecouni.  we  have  not  as  yet  done  so. 
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RESUME 

La  presence  d'un  lubrifianr  er  son  activite  chimiquo  so-t  des  parametres  import  ants 
pour  le  c nmp  •  r t emeri  t  en  frotr  ment  et  I’usure  do  solides  en  deplacement  relatif.  Dans  le 
cas  d  '  eng  r  •=  naqe  s  do  t  r  a  n  s  m  i  s  s  i  ^ -ri ,  le  d^ntact  entre  Ics  deux  >lides  est  du  typo  hertz:'  n 

et  le  f  r  (' 1 1  <“me  n  t  so  produit  alirs  on  absence  d’un  film  d’huaie  epais  ;  la  1  ub  r  i  f  i  ca  l  i  ■  >11 

est  e  1  a  s  t  ohyd  r  ody  nam  ique  ,  mixte  ou  limite.  Dans  les  regimes  de  1  ubr  i  f  i  ca  t  i  on  ou  <!'•« 

contacts  s  o  1  J  d  e  -  s  o  I  1  d  o  ox:sfar:t,  la  reduction  do  I'usure  passe  par  la  f  o  rma  t  i  <.-n  d'un 

film  mince  solide  adher-nt  aux  surfaces  frottantes,  cree  par  reaction  chimique  sous 
l'«>ffet  du  frott*->m‘--nt. 

Les  resultat?  d  '  o x pe r i on  cos  en  presence  d’additif  anti-usure  ( d 1 t h i ophospha t e 
Zinc  et  tricresylph'sphate)  montrent  I'lmportanc-  do  la  cinetique  de  formation  de  ces 
films  sur  I’usuro.  La  pressif.ri  apparonre  de  c  ntact  et  la  Vitesse  de  qlisscment  no 
ni' ' d  i  f  I  •  n  t  pLi  s  les  ph e  n om*!?  n e  s  e  I  em r* n  t  a  i  r  e s  d  ’  u s u  r  «•  ma  i  s  joue n  t  u n  role  pr e ponde  rant  s u  r 
1 ' u  s  u  r  o  g 1 o  b  a  1 o  d  0  s  surfaces. 


1 _ P9SIT10N_DU_PR0RLEME 

Daris  le  tli.imaine  do  la  tribologie,  il  est  admis  qu’il  exist.e  plusieurs  typos  de 
regimes  de  1  u  b  r  i  f  1  ca  t  1 n  :  les  regimes  hyd  r-'dy  nam  i  quo  (  HD )  et  e  I  as  t  ohyd  r  ody  nam  i'luo  (  (thD) 

I'ji  se  ca  r  ac  t  e  r  1  se  n  f  p.ir  la  presence  d'un  film  d«*  lubrifi<uit  continu  entre  los  surfaces 
••t  lo  regime  1  i  m  i  t  0  qui  c<'rresp'-  I  aux  cas  '>u  les  materiaux  en  glissomont  relatif  no 
''."lit  plus  Bopciros  que  par  les  nioLecul€*s  adsorbees .  Dans  les  deux  premiers  rogimi's  ce 
S' .  ri  t  1  p  r  ■  'p  r  1  6  t  (3  s  meca  n  ique  s  du  f  I  u  ide  o  t  des  ma  t  4  r  1  aux  ,  o  t  les  c'i  nd  i  t  i  c<n  s 

t  T  i  bo  1  !.g  i  quo  s  quv  g-iiuvernent  le  f  onct  i  onnement  .ilors  qu'on  I  ub  r  i  f  1  ca  t  i  on  limito  <;«'  sent 
los  pr^ipriptes  phy  s  1  cech  1  m  i  que  s  du  fluide  vis  a  vis  tJos  materiaux. 

Sol  ri  los  conditions  trib'  logiques  (  c  i  n  ema  t  1  quo  ,  lubrifiant,  t  empe  r  a  t  u  r , 

pr-ipriofes  d^s  ma t e r 1  a u x  ,  .  .  .  )  un  mecanisme  cn  glissement  f one t i on  no r a  dans  un  d®  ces 
'  r  o  1  s  regimes  d  »•  1  u  b  r  1  f  i  c  a  t  1  o  n  . 

C'pond.int^,  on  p<irt:io  eri  raison  de  la  rugosite  inevitable  des  surfaces,  un  mec<i  n  1  sme 
jui  dovrait  tho'jriquoment  foncrionnor  on  lubrificat  lot.  elastohydrodynamique  fonctionnera 
s  -I  u  V  '•  "1  ►  on  r  o  q  I  (Ti  e  m  1  x  t  o  on  aura  d<?  n  c  pa  r  t  1  e  i  1  emo  n  t  d  o  5  contacts  so  1  i  do  -  so  1  1  d  e  , 

i!'  a  r  ,'i 4  r  ;  . ;  i  q  11  •  ■  r>  d  u  r  e  q  i  m  e  limit'-'. 

L«5  etudos  portar.r  u  r  la  1  u  b  r  1  f  1  ca  t  i  on  limito  et  e  l  a  s  t  uhyd  r  ody  nam  1  q  ue  sent 

ri'  mb  r  o  u  s  s  or  vis-nt  a  precisor  i'lrifluence  des  ca  r  ac  t  e  r  1  s  1 1  quo  s  du  lubrifiant,  des 

nateriaux  or  d'-s  conditions  t  r  1  bo  1 --39  i  q  ue  s  sur  le  f  one  t  1  o  n  nemo  n  t  d'un  contact  glissant. 

La  detori oration  des  surfaces  duo  au  frottomont  apparait  lieo  au  regime  do 
lubrification.  En  regime  EHD,  la  fatique  des  materiaux  est  l»  phe nomen e  p r epo nde r ant, 
d’ou  I  '  I mp' I  r f a  nee  des  ca r a c t e r i s t 1 q u e s  me t a  1 1 u r q 1  quo s  des  materiaux.  L'usure  est  etudiee 
dopu.s  tros  lonqtemps  en  lubrification  limite.  On  pout  notor  I'existence  de  quatre  types 
principaux  d  usure  I'usure  adhesive,  .ibrasive,  corrosive  t»t  par  delamination. 

II  a  ete  montre  que  I'efficacite  anti-usure  d'un  lubrifiant  est  liee  a  une 
modification  du  type  d’usure  present  [it-  En  particulior  ei  presence  do  d 1 t h i opho s pha t e 
de  zinc  (DTPZn)  et  de  tricresylphosphate  (TCP),  additi^s  anti-usure  tres  utilises, 
l'off,?t  anti-usure  e.st  du  a  la  formation,  en  cours  de  fr''>ttomont  d'une  phase 
reactionnellc  sur  les  surfaces  frottantes  \2 ,  ^ \  .  L'usure,  <!’  nature  abrasive  et  adhesive 
en  debut  de  frottement,  devient  de  nature  corrosive  en  presence  do  la  phase 
roacti':innelle  appolee  film  reactionnel  ll,4[. 


F  'J  r  :  ,1  ,  .  n  d 

■  ■  .1  '  u  M  a  dd  I  t  i  f 


2_-_DISP0SITIF;S_EXPER] 

I.o  s  dr-  u  X  types 
ific.'ition  mixte  p 

2.1  Le  tribometr* 

L  e  contact,  s  u  r 
schematises  figui 


pisllne  9o»k>m6lrlQu«  ^ 


cod«ur  opUque 


Fi^2U£e_2_ : 

Schema  de  principe  de  la  machine  a 
disques . 


Dans  cet  essai,  une  sphere  et  un  cylindre,  entraines  en  rotation  i ndependamment 
sent  maintenus  en  appui  avec  une  charge  normale  W.  Elio  provoque  une  deformation 
elastique  d<“s  echantillons  et  conduit  a  uno  surface  de  contact  elliptique. 

Ses  dimensions  sont  tres  proches  de  celles  previsibles  par  la  theorie  de  Hertz, 
pour  un  contact  statique.  Dans  ces  essais,  la  charge  W  etant  fixee  a  135  N,  le  grand  axe 
de  I'ellipse  vaut  550  pm  ,  et  la  pression  maximum  de  Hertz  (qo)  atteint  1,53  GPa. 

Les  deux  echantillons  sont  entraincs  en  rotation  i ndependamment  et  l<»ur  vitesse  Ul 
et  U2  controleo  avec  une  grande  precision  relative  (  —  ),  par  un  systeme  a 

verouillage  de  phase. 

Une  platine  de  mesure  permet  de  connaitre  la  valeur  instantanee  : 

-  de  ['effort  normal  W  applique  au  contact 

-  des  efforts  tangentiels  do  cisaillement  transmis  par  I'interface. 

La  mesure  de  la  resistance  electrique  de  contact  Rc  est  effectuee  durant  chaque 
o  s  s  a  .1  I  9  I  . 

Les  echantillons  metalliques  sont  en  acier  100  C6  traite,  avec  une  durete  Vickers 
de  7,5  GPa.  Les  surfaces  de  la  sphere  (rs  =  12,5  mm)  et  du  cylindre  (rc  «  17,5  mm)  sont 

polios  a  la  pate  diamantee  puis  nettoyees  dans  un  bain  de  solvant  sous  ultrasons.  La 

ruq''5ite  totale  des  srfaces  reste  inferioure  a  50  nm. 

Le  lubrifiant  utilise  est  de  I'hexadecane  additive  a  1%  en  masse  de 

me t a t r i o r e sy 1 phospha t e  (TCP) . 


3_£_RESULTATS_ET_rNTERPRETATION 

3^1_Essa£S  sur_t  ib£5®t£e_gl^an/gla  n  . 

La  charq<'  appliquee  sur  un  contact  est  un  parametre  tres  impo  rtant.  En  erf-‘‘t, 
L'aire  resile  de  contact,  siege  de  I'usure  est  directement  reliee  a  la  charge.  De  ce 
fait,  on  admet  quo  le  taux  d’usure  varie  lineairement  avec  la  charge  dans  les  cas  ou  les 

phenomenes  d’usiire  sont  i nd e pe n d a n t s  de  la  charge  |10|.  Ce  dernier  point  est  de  plus  en 

plus  con t rove r se  en  particulier  lorsqu'on  considere  I’existence  d’un  troisieme  corps 
dans  ['interface  lie  au  phenomena  d'usure  |1,  11,12). 

Des  essais  sur  le  tribometre  plan/pLan  ont  ete  effectues  afin  d'etudier  I'influence 
do  charge  appliquee  sur  la  formation  de  film  reactionnel  »»t  sur  I'usure  en  presence 

DTPZn.  L '  a  1  r  f’  apparente  du  contact  est  constante  et  le  dom.iine  de  pression  apparente 
d^  contact  envisage  ici  est  compris  entr  •  5  et  300  MPa  ce  qui  correspond  a  H/400  et  H/7 

(H  etant  la  durete  du  corps  le  plus  tendre  :  2  GPa). 

Des  travaux  experiment  a ux  anterieurs  |ll  ont  irontre  que  le  contact,  lors  de  ces 

essais  peut  etre  considere  comme  discret  (existence  d'un  nombte  fini  de  jonctions  entre 
les  deux  surfaces  a  n  t  a  go  n  i  s  t  e  s )  et  que  le  nombre  de  jonctions  existantes  peut  etr»* 
estime  a  partir  de  la  theorie  de  la  durete  (si  on  connait  la  taille  des  jonctions).  Dans 

ces  conditions,  lorsque  la  charge  augmente,  la  taille  de  chaque  jonction  et  le  nombre  de 
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DISC  I  SSION 


H.A.Spikes,  I’K 

1  would  like  to  con^ratulalc  the  aiuhors  vm\  a  verN  miercslin^  piece  ul  work.  <  )vcr  the  last  twv»  three  \ea^^  we  scent  Ut 
he  changine  our  v  lews  once  more  as  to  the  nature  ol  anti- wear  and  ep  Itlms  and  are  coming  to  helievc  they  can  be  c|uiie 
thick,  up  to  and  over  I  micron  thick.  We  hate  recentiv  producetl  poluneric  phosphate  films  seteral  microns  thick  from 
phosphorate  esters  in  pure  rolling.  How  thick  do  the  authi>rs  think  that  their  films  formcil  bv  TCP  are  ’ 

.Author's  Reply 

1  he  authors  thank  Dr  Spikes  for  his  interesting  remarks  and  for  his  questions.  In  «nir  e.xperiments.  the  I  C'P  has 
produced  in  many  t\  pes  of  contact,  the  hirmation  ot  reaetise  fiJms.  I  he  thickness  of  these  fihns  is  approximately  i).  1  to 
(I.?  microns  in  all  eases.  In  the  ease  of  the  tests  on  the  f4»ller  v.st  machine  (machine  a  Cialel)  we  have  never  observed  the 
lormation  ol  films  under  conditions  of  pure  rolling  I  he  lo'  maiion  of  reaelise  films  has  alsti  been  ol'serxed  in  the  ease  of 
other  additives  (detergents.  poIs  mers.  etc.)  and  it  st cmed  i.)  us  that  the  thickness  of  these  Mints  was  alwa\s  sensibly 
about  of  the  same  order  of  magnitudes.  Trials  are  also  eunenilv  being  made  in  our  laboralttry  to  measure  eertiiin 
mechanical  eharaeteristies  of  the  film  (parlicularlv  elastic  mtululus  in  shear).  The  first  measuienicnls  show  that  the  films 
have  an  elastic  modulus  of  the  order  of  I  to  ( iPa  close  to  that  tibtained  lor  higli  nu*leculai  mass  polymers. 


J.F.C  hevalier,  Fr 

How  can  we  assure  itursclvcs  of  rcproducibilitv  m  the  feeding  ot  the  lubricant ' 

.Author’s  Reply 

In  the  case  of  the  specimen  tests,  the  feeding  of  the  lubneanl  docs  not  p<ise  any  prttblems  since  the  specimens  are 
submerged  in  the  lubricant  being  studied. 

In  Ihe  ease  of  the  roller  lest  machine  (ntaehine  a  galet)  the  tests  are  <*f  relatively  sh4*ri  duration  and  the  feeding  of  the 
lubricant  is  done  by  injection  at  the  oniranee  to  the  cimtact  /imc.  Ihe  speed  4>f  inieciion.  being  governed  by  gravity,  we 
have  n4g  observed  any  reproducibiiity  problems  related  to  the  feevling  tif  the  lubricant. 


B.A.Sh«tter.l^K 

Vhe  presence  of  non-mcialhc  or  polymeric  films  raises  some  interesting  questions  as  to  how  ihcbcncMeial  action  ol 
some  additives  may  occur.  In  papermaking  plant  gearboxes,  cellulose  fibres  in  the  i)il  can  bring  about  plastic 
deformation  of  the  steel  gears  and  transport  of  the  ttnith  contact  surface  layers.  Perhaps  the  0.1  mm  thick  polymeric 
films  in  the  ela.sl.ihydrodvnamic  contact  cnvirotimcnt  act  by  promoting  a  mechanical  process  that  allows  the  aspcriiy 
C4>ntact  stresses  (including  iractitm  forces)  to  produce  a  plastic  displacement  of  the  asperities.  Thus  displacement, 
rather  than  wear  or  chemical  erosion,  may  be  the  significant  surface  improvement  mechanism  tn  micropiiiing.  plastic 
flow  of  the  surface  material  is  certainly  observed.  I  low  the  asperity  fatigue  and  plastic  di'^placcmcnt  can  be  controlled  is 
a  much  more  difficult  question 

.AiilhorN  Reply 

Asperity  ctmtacls  can  be  catastrophic  m  (he  cases  where  the  lubricant  is  not  cllcctivc.  One  can  in  laet  have  adhesion 
between  two  materials  followed  by  hKali/eJ  scoring  at  first  and  then  generalized  scoring  if  the  conditmns  are  severe. 
The  pTcscncc  i>f  a  reactive  film  on  the  asperities  therefore  permits  lhaf  these  asperities  will  deform  plastically  vviihoul 
the  risk  iif  introducing  scoring.  One  effect  of  these  films  is  also  to  reduce  the  friction  forces. 

The  phenomentin  of  fatigue,  when  it  occurs  at  the  level  of  the  asperities,  can  ihcrelorc  be  reduced.  However,  in  the  case 
of  certain  combinations  of  materials  and  lubricants,  the  phenomena  of  "fragilisaiion"  have  been  vjbserved.  Thus  use  of 
lubricants  containing  anll-wcar  additives  must  ihcrcf<»re  always  be  cotisidcrcd  in  relation  to  the  nature  «»t  materials 
which  have  to  be  protected,  so  that  the  desired  effect  is  obtained. 
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"ROOT  STRESSES  IN  CONFORMAL  GEARS- 
STRAIN  GAUGE  AND  PHOTOELASTIC  IN VESTIGATIONS 


BY 

D.G.  ASTRIDGE,  B.R.  REASON  and  D.  BATHE 

1.  SUMMARY 

This  paper  reviews  the  significant  amount  of  analytical  work  on  ’strong’  gear  tooth 
forms  carried  out  since  the  classical  papers  of  Shotter  et  al.»  and  presents  the  results 
of  a  project  which  addresses  a  problem  common  to  all  three-dimensional  photoelastic 
studies  of  root  stresses  in  gears  -  that  of  maintaining  an  accurate  delineation  of  the 
contact  conjunction  geometry  throughout  the  s t r e s s- f ree zing  cycle. 

Photoelastic  model  results  are  compared  with  those  measured  by  strain  gauge  methods 
on  the  definitive  gears. 

2.  INTRODUCTION 

The  conformal  tooth  form  has  been  successfully  employed  in  the  final  reduction  stage 
of  the  Westland  Lynx  helicopter  main  transmission  and  derivatives.  Lynx  has  been  in 
service  for  a  decade  now,  uprated  versions  of  its  transmission  are  in  service  with 
Westland  30,  and  further  development  is  in  progress  for  growth  versions  of  this  commercial 
helicopter.  The  conformal  tooth  form  lends  itself  particularly  well  to  this  high  power 
application,  where  high  power  to  weight  ratio,  large  reduction  ratio,  and  good  tolerance  of 
shaft  alignment  variations  are  required.  The  differences  in  tooth  geometry  between 
conformal  and  the  more  traditional  involute  are  immediately  apparent  (see  Figure  1),  the 
conformal  comprising  constant  curvature  working  flanks,  ’all-addendum'  convex  teeth  on  the  pinion, 
concave  teeth  on  the  wheel,  and  a  helix  angle  necessary  for  conjugate  action.  The  system  is  commonly  known 
as  Wi Idhaber-Novikov  (W-N)  gearing,  after  Wildhaber  (1)  who  patented  the  system  in  the  USA 
in  1926  and  Novikov  (2)  in  Russia  in  1956.  The  more  recent  interest  in  the  I’K  is 
attributed  to  an  article  appearing  in  Che  Manchester  Guardian  Newspaper  in  1958  (3).  The 
major  advantage  of  conformals,  anticipated  at  that  time,  was  in  overcoming  the  surface 
fatigue  limitations  of  machlneable  steel  gears  and  the  AEI  ’Circarc’  gears  successfully 
demonstrated  this  (A).  However,  it  has  been  discovered  from  experience  with  Lynx  gears 
that  the  W-N  form  can  have  advantages  for  case-hardened  gears  also,  even  though  calculated 
maximum  contact  stresses  exceed  the  normally  accepted  limits  for  involute  gears,  and  high 
shear  stresses  can  exist  at  the  case/core  interface  and  beyond  (5),  This  is  explained  in 
terms  of  the  radical  differences  in  contact  shape  (Figure  2)  -  the  relatively  long,  narrow 
ellipse  of  the  involute  form  being  more  susceptible  to  localised  defects  or  departures  from 
the  idealised  form  than  the  much  lower  aspect  ratio  ellipse  of  conformal  gears  and  ball 
hearings.  Rather  more  surprising  at  first  sight  Is  the  apparent  discrepancy  between  measured  root 
stresses,  and  chose  calcul  ited  using  involute  procedures  and  normally^accepted  root  stress  limits  for 
high-quality,  hlgh-power  gearing.  Whilst  work  is  continuing  at  Westland  to  determine  the 
ultimate  limits  of  conformal  contacts  (ie.  surface  stress  and  lubrication),  this  paper  is 
concerned  with  root  stress  analysis  and  experimental  validation.  The  sizing  of  conformal 
gear  pairs  at  the  project  design  stage  is  accomplished  adequately  using  Specific  Torque 
Capacity  criteria  determined  from  experience  (an  extension  of  the  Lloyd's  K  factor  concept 
derived  by  ShoCterf5  ).  The  ability  to  go  beyond  this  and  determine  contact  and  root 

stresses  in  detail  is  required  for  optimization  of  tooth  geometry  and  refinement  of  life 
prediction. 

3.  ROOT  STRESSES  CALCULATION 

The  method  generally  used  for  calculating  tooth  root  stresses  in  involute  gears  is 
based  on  the  cantilever  bending  of  an  inscribed  parabola  (uniform  strength  beam),  attributed 
to  Lewis  (6).  Extensions  of  this  to  account  for  stress  concentration  arising  from  abrupt 
changes  of  curvature  in  the  root  region,  tooth  end  effects,  inclination  of  the  load  line  in 
helical  gears,  and  other  factors  have  historically  been  generated  by  experimental  methods 
(eg.  the  photoelastic  studios  of  ref.  7)  or  by  sem i -empi r i c al  analyses  (8),  the  results 
of  whicli  have  been  embodied  in  involute  gear  design  standards  (eg.  9).  However,  this 
approach  is  not  reasonable  for  high  strength  tooth  forms  such  as  ' a  1 1 -addendum’  involutes 
or  conformals.  in  that  St.  Venant's  Principle  is  violated  -  simple  beam  theory  can  only  be 
used  where  there  is  a  significant  separation  of  load  and  support  regions.  The  solution  to 
this  problem  has  been  tackled  analytically  by  Shotter  and  Fowle  (10)  with  their  ‘isotropic 
wedge',  and  experimentally  by  strain-gauging  (eg.  10),  photoelastic  modelling  (eg.  11,  12, 
14),  and  speckle  pattern  holography  (14).  2D  and  3D  finite  element  analysis  techniques 
have  also  been  applied  to  the  Lynx  conformal  tooth  form  (10,  13,  14).  The  two  dimensional 
photoelastic  study  by  Errichello  (11)  covered  three  tooth  forms  of  greatly  differing  aspect 
ratio,  characterised  by  pressure  angle:-  14.5®,  30®  and  47.5®.  The  results  with  large- 
scale  models  showed  large  discrepancies  in  root  stress  predic.ions  for  the  stronger  tooth 
forms  using  the  ACMA  method,  but  good  agreement  using  the  isotropic  wedge  provided  that 
the  latter  results  were  factored  by  Dolan  and  Broghamer  stress  concentration  factors  (7). 
Application  of  the  wedge  theory  to  different  conformal  tooth  designs  has  revealed  the  need 
for  refinement  to  achieve  acceptable  accuracy  in  predicting  the  magnitude  and  location  of 
minimum  in-plane  stresses,  and  to  predict  stress  distribution  in  the  transverse  plane. 

The  localised  nature  of  the  contact  zone  along  the  tooth  produces  fundamental  limitations 
of  analyses  based  on  plane  stress  assumptions,  as  is  revealed  in  the  photoelastic  results 
of  Alii  son  (15). 
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Three  dimensional  photoelastic  modelling  of  a  pair  of  conformal  teeth  loaded 
together  also  runs  into  difficulty,  however,  that  of  faithfully  maintaining  the  correct 
contact  geometry  throughout  the  stress-freezing  cycle.  Significant  differences  in  root 
stress  results  were  obtained  from  a  well  executed  3-D  photoelastic  study  commissioned  by 
Westland,  in  which  two  different  contact  geometries  were  modelled.  Another  aporoach  tried 
(15)  was  to  model  one  component  only,  loaded  by  a  metal  ram.  The  study  described  in  this 
paper  addresses  the  problem  of  maintaining  correct  contact  conditions  in  3-0  photoelastic 
modelling  of  conformal  gears.  Strain-gauge  measurements  made  on  static  and  dynamic  gears 
at  Westland  are  included  for  comparison. 

4.  CONTACT  GEOMETRY  IN  CONFORMAL  GEARS 

French  (16)  produced  an  approximate  analysis  which  predicted  the  contact  shape  to  be 
an  ellipse  distorted  towards  a  banana  shape  with  major  axis  in  the  direction  of  rolling, 
ie.  along  the  teeth.  An  exact  analysis  of  Westland  gears  carried  out  recently  (17),  based 
on  an  earlier  generalised  analysis  method  (18)  predicts  that  distortion  of  the  contact 
ellipse  is  much  less  severe  (Figure  3),  having  slight  asymmetry  about  the  major  axis,  and 
a  small  inclination  of  the  major  axis  to  the  rolling  direction.  Figure  3,  which  relates 
to  the  Lynx  conformal  gears  being  modelled  in  this  study,  shows  the  gap  contours  for  the 
unloaded  contact.  This  data  is  being  used  by  Snidle  and  Evans  (19)  in  their  subsequent 
elastohydrodynamic  lubrication  analysis  of  these  contacts,  but  it  is  anticipated  that  the 
distortion  of  the  contact  ellipse  will  not  be  markedly  different  from  the  unloaded  gap 
contours.  There  are  other  aspects  of  conformal  gear  technology  that  also  depart  from 
involute  experience  but  space  limitations  prohibit  discussion  of  them  here.  It  is  note¬ 
worthy,  in  passing,  however,  that  good  progress  has  been  made  in  the  difficult  elastohydro¬ 
dynamic  lubrication  analysis  of  this  tooth  form  at  high  load  conditions  (19)  and  in  the 
disc  machine  simulation  of  conformal  contacts  since  earlier  (eg.  20)  published  attempts. 

5.  STRAIN-GAUGE  RESULTS  ON  LYNX  CONFORMAL  GEARS 

The  results  of  an  extensive  programme  of  strain-gauge  measurements  on  full-scale 
gears  in  a  ’four-square*  arrangement  at  Westland  were  reported  by  Shotter  (10).  Whilst  the 
tooth  geometry  was  broadly  that  of  the  gears  used  in  the  Lynx  t ransmi ss ion ,  there  are 
differences  in  the  precise  tooth  form  and  support  structure  which  could  influence  the 
absolute  stress  -  torque  relationships  sought  in  corroborating  the  results  of  this  photo¬ 
elastic  study,  but  the  comparison  will  be  made  as  a  first  order  check.  The  general  form 
of  the  results  from  this  earlier  work  is  worth  noting.  Figure  4  shows  the  variation  of 
stress  measured  at  the  bottom  of  a  pinion  tooth  root  in  the  mid-plane  (single  tooth 
contact)  as  pinion  and  wheel  are  barred  round  in  small  increments. 

These  results  compared  with  those  from  strain  gauges  mounted  at  other  positions, 
show  that  the  bottom  of  the  root  experiences  the  largest  total  range  of  stress,  but  not 
quite  the  largest  tensile  stresses.  The  maximum  compressive  stress  in  this  region  is 
significantly  greater  than  the  maximum  tensile  stress  experienced  through  the  loading 
cycle,  and  thus  there  is  a  net  compressive  mean  stress. 

Whilst  it  was  not  attempted  by  strain-gauge  placing  to  determine  precisely  the 
location  of  maximum  stress  range,  and  whilst  it  was  appreciated  that  factors  other  than 
maximum  range  (eg.  tensile  mean  stress  results  in  lower  fatigue  life  than  stress  cycles 
with  a  compressive  mean),  the  criticality  of  the  bottom  region  of  the  roots  was  demon¬ 
strated  by  the  fatigue  tests  that  preceeded  the  strain-gauge  tests  in  this  rig.  The 
influence  of  centre  distance  variation  was  investigated  and  found  to  have  a  noticeable 
effect  on  stresses  in  the  compressive  region  (Figure  5). 

Subsequently,  strain-gauge  measurements  were  made  on  aircraft  standard  conformal  gears 
in  a  complete  Lynx  main  rotor  gearbox  in  test  rigs  at  qu a s i -s t a t  ic  conditions,  and  at  full 
speed.  The  gear  configuration  is  shown  in  Figure  6.  In  these  tests  the  pinions  and  wheel 
were  strain-gauged  in  the  bottom  of  the  roots  only,  in  a  direction  normal  to  the  helix, 
at  the  mid-face  and  tooth  extremities.  A  range  of  torques  was  investigated  up  to  a 
maximum  resulting  in  a  range  of  -  2450  mi cros t ra in s .  In  the  dynamic  tests  the  strain- 
gauge  signals  were  transmitted  via  a  12  channel  slip  ring,  one  channel  of  which  was  used 
for  the  pinion  azimuth  position  indicator,  a  rotating  potentiometer.  The  strain-gauge 
signals  were  amplified  prior  to  recording,  the  amplifier  having  a  flat  response  up  to 
2.2  KHz.  Overall  variation  in  output,  assessed  from  duplicate  strain  gauges  in  adjacent 
tooth  roots,  and  from  the  different  torque  settings  was  found  lo  be  *  3Z  for  the  pinions 
and  *  5T  for  the  wheel  in  the  single-contact  mid-plane  positions.  The  results  for  these 
positions  are  summarised  in  Figure  7  in  terms  of  average  total  stress  range  as  a  function 
of  torque  on  the  strain  gauged  conformal  pinion.  The  differences  between  the  results  for 
pinion  and  wheel  were  within  the  variation  quoted  above,  as  were  the  differences  for 
single  and  twin  input  drive  to  the  gearbox,  for  different  gearbox  mounting  arrangements, 
and  for  a  10®  change  in  helix  angle.  The  only  signi.  leant  difference  was  between  static 
and  running  conditions,  the  results  for  full  speed  running  being  as  much  as  25t  lower  than 
static  results  at  the  highest  torque  condition.  The  frequency  response  of  the  strain- 
gauge  system  was  more  than  adequate  to  resolve  meshing  frequency  phenomena,  and  the  lower 
values  for  running  conditions  are  attributed  to  signal  attenuation  at  the  slip  rings,  or 
to  inadequate  temperature  compensation.  The  static  values  are,  therefore,  used  for  com¬ 
parison  with  results  from  the  photoelastic  study. 
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6.  PHOTOELASTIC  INVESTIGATION 

6 . 1  Model  Preparation 

The  models  employed  for  the  photoelastic  studies  vere  replicas  of  the  conformal 
pinion  and  its  integral  shaft  and  mounting  flange  together  with  a  segment  of  the  conformal 
gear  wheel.  Both  components  were  manufactured  from  "Araldite"  CT200,  silicone  rubber 
mounds  being  produced  from  the  original  conformal  gear  pair. 

Figure  9  shows  the  mould  for  the  pinion  mounted  in  the  casting  box,  an  aluminium  core 
being  employed  to  minimise  thermal  stress  accumulation  in  the  model  upon  cooling. 

Casting  was  carried  out  in  a  heated  oven  (130°C)  under  a  gradually  increasing  vacuum 
(1  in  Hg/5  min) »  curing  being  over  a  14  hour  period.  Slow  cooling  (2.5  C/hour)  was 
employed  to  circumvent  the  danger  of  residual  thermal  stresses. 

6 . 2  Conformal  Contact  Simulation 

It  had  been  established  in  previous  experimental  work  chat,  because  of  the  relatively 
large  deflections  occurring  during  a  s t re s s- f r ee 2  ing  operation  with  conformal  contacts 
(the  strain  must  be  large  enough  to  generate  an  adequate  fringe  order),  the  resulting  area 
of  tooth  contact  on  the  model  grossly  exceeded  that  of  the  actual  gear  pair,  with  an 
inevitable  reduction  in  the  models’  peak  stresses. 

To  circumvent  this  difficulty  a  calculation  of  Che  elliptical  profile  in  the  Hert2ian 
zone  was  carried  out  and  a  0.004  ins.  Beryllium  Copper  shim,  photo-etched  to  this  geometry, 
was  cast  into  the  surface  of  a  wheel  segment  tooth.  The  geometry  of  the  insert  was 
produced  under  the  assumption  that  the  gear  teeth  were  transmitting  full  load  torque. 

6 . 3  The  Test  Pig 

Figure  10  shows  the  cast  model  components  mounted  in  the  rig  prior  t  o  t  he  i  r  mec  ban  i  <•  a  1 
testing . 

Torque  is  applied  by  a  simple  dead-weight  and  lever  system,  the  latter  being  bolted 
to  the  flange  of  the  pinion  shaft.  The  shaft  itself  is  mounted  in  a  rolling  contact 
bearing  simulating  its  location  in  practice. 

The  torque  is  reacted  out  through  the  wheel  segment  which,  meshing  with  the  pinion 
teeth,  is  bolted  rigidly  to  a  vertical  pillar  mounted  in  the  bedplate.  This  carries  slots 
allowing  gear  centre  distances  to  be  varied  by  moving  the  pillar  in  the  plane  of  the 
bedplate. 

A  spherical  bearing,  clamped  by  a  pinch-bolt  to  the  pillar,  allows  aditistment  of  the 
wheel  segment*,  thus  providing  accurate  alignment  of  the  tooth  mesh. 

6 . 4  Fhotoelastic  Test  Procedure 

On  initial  testing  a  torque  of  2.3  Nm  (1.69  Ibf.ft)  was  applied  under  ambient 
conditions  to  the  model.  The  complete  rig  w.is  then  pl.iced  in  a  frozen  stress  oven  -ind 
gradually  heated  ( 2  .  5  C  /  hou  r )  to  1  3  5 C  (the  critical  temperature  of  the  ”  Ar  a  I  d  i  t  e"  )  . 

The  temperature  was  held  for  one  hour  and  cooling  then  commenced  to  lO^F  at  the  rate 
of  2.S°C/hour.  The  rig  was  then  uiloaded  and  kept  at  S0°C  for  24  hours  to  avoid  any 
possibility  of  time  edge  effects. 

The  initial  test,  however,  failed,  since  buckling  of  the  segment  flange  occurred 
around  the  four  set  screws  securing  the  model  to  its  mounting  block  (Figure  10). 

Using  the  same  procedure  a  second  specimen  was  tested  but  -itresses  on  the  model  flange 
were  relieved  by  interposing  a  wooden  block  between  the  new  segment  and  the  baseplate. 

This  procedure  successfully  overcame  the  problem. 

6  .  5  Slicing  Procedure 

Figure  lla  shows  the  'slicing-plan'  the  frozen  stress  model  being  cut  with  a  diamond 
impregnated  slitting  wheel. 

The  initial  slice,  taken  normal  to  the  loaded  tooth  face,  was  positioned  such  that  a 
whole  tooth  profile  was  produced  on  the  adjacent  tooth  face.  A  5  mm  gap  separated 
subsequent  slices,  each  new  surface  representing  the  datum  for  the  next  slice,  the  loaded 
tooth  being  the  datum  length. 

Upon  cutting  a  new  slice  the  pinion  was  indexed  round  by  2.5°.  This  kept  the  cutter 
normal  to  the  loaded  tooth  flank  (helix  angle  15°-11')  and  produced  a  symmetrical  profile 
for  this  tooth. 

Slices  were  numbered  according  to  Figure  lib,  tooth  "1"  being  the  loaded  tooth. 
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.  6  Analysis  of  Root  Stresses 

The  purpose  of  the  photoelastic  investigation  was  to  study  the  stress  distribution 
around  the  tooth  root  arising  from  single  point  contact  and  to  correlate  the  maximum  value 
of  the  tensile  and  compre s sive  stresses  obtained  with  the  values  measured  by  strain  gauging. 


Stresses  may  be  calculated  by  counting  the  number  of  fringe  orders  and  converting 
this  to  a  model  stress  by  the  re '' a  t  ionsh  i  p  : 


~o  X  m.  f  .  V . 


0  “  model  stress 

m 

■  number  of  fringe  orders 
m.f.v,  *  material  fringe  value  (N/f^mm) 
t  “  slice  thickness 


The  Conversion  of  model  stress  to  actual  stress  'o  ’  requires  the  model  stresses  to  oe 
factored  by  the  relationship;  ^ 


where  'T  '  and  ’T  '  are  the  actual  and  model  torques 
p  m 


6 . 7  Result s 


Figure  12  shows  the  isochromatic  fringes  of  typical  gear  tooth  sections.  Since  ’t* 

and  *m  ^.v.'  are  known  'o...*  can  be  calculated, 
m 

Sections  12a~c  are  purely  arbitrary  to  illustrate  the  effect  of  changing  Hertzian 
contact  position.  Unfortunately,  subsequent  to  testing,  defects  were  found  in  the  batch 
of  resin  used.  This  had  the  minor  effect  of  causing  local  perturbations  in  the  fringe 
locii.  The  fringe  orders  however,  were  unaffected,  these  corresponding  to  other  previous 
tests  results  under  the  same  magnitude  of  applied  torque. 

Using  the  maximum  value  of  prototype  torque  (2S3flm  (1866  Ibf.ft))  and  the  model 
torque  of  2.3Nm  (  1.696)  the  ratio  Tp/Tjjj  may  be  calculated  .  Calibration  of  the  model 
material  to  establish  the  stress  optic  coefficient  or  material  fringe  value  (m.f.v.) 
enabled  the  model  stress  to  be  determined  from  the  fringe  patterns,  the  thickness  't'  of 
the  slices  being  2.54  mm. 

Results  from  the  photoelastic  studies  are  shown  as  a  graph  (Fig.  13).  This  graph 
delineates  the  variation  of  root  stresses  (tensile  and  compressive)  for  the  loaded 
tooth,  along  an  axial  locus  traversing  the  tooth's  helical  flanks. 

The  maximum  tensile  stress  established  was  396  MP^  (57,400  Ibf/in^)  the  maximum  com¬ 
pressive  stress  being  583  MPg  (84,500  Ibf/in^).  It  is  seen  that  whilst  the  tensile  root 
stress  has  a  certain  predisposition  to  symmetry  about  its  maximum,  the  compressive  stress 
displays  a  certain  asymmetrical  profile.  The  positions  of  the  maxima  do  not,  further, 
appear  to  be  coincident. 

7.  DISCUSSION  OF  RESULTS 

7 . 1  High  Root  Strength  of  Conformal  Toothform 


The  high  root  strength  established  for  conformal  gears  in  fatigue  tests  on  full-scale 
gears,  and  long  experience  with  them  in  the  Lynx  transmission  arises  from  the  'stubbiness' 
of  the  tooth  form  arising  from  ' al 1 -adde ndura ' p in  ion  action.  Clearly  the  strong  root  form 
is  not  subject  to  the  bending  action  that  occurs  on  unmodified  involute  teeth  and  the  use 
of  the  term  'root  bending'  stress  is,  therefore,  inappropriate  to  the  stronger  root  forms. 

The  root  stress  analysis  techniques  derived  for  normal  involutes  are,  therefore, 
unsatisfactory,  and  the  isotropic  wedge  analysis  has  been  shown  to  be  more  useful, 
although  further  refinement  is  necessary.  The  theory  reasonably  predicts  the  dominating 
compressive  stress  component  of  the  overall  root  stress  cycle,  demonstrated  by  the  strain- 
gauge  and  photoelastic  results.  The  critical  stress  region  in  normal  involute  teeth 
occurs  relatively  high  on  the  root  fillet  and  is  subject  to  a  reversing  tensile  stress.  In 
the  conformal  teeth  studied  here  the  critical  stress  region  is  much  closer  Co  the  bottom 
of  the  roots  and  is  subject  to  stress  cycles  with  mean  values  well  into  the  compressive 
region.  Sbotter  (10)  showed  this  root  form  to  be  capable  of  endurance  limits  with  much 
greater  stress  cycle  amplitudes  than  the  normal  involute,  as  indicated  in  the  Goodman 
Diagram  in  Figure  8.  The  increasing  upward  trend  of  the  alternating  stress  limit  in  the 
compressive  mean  stress  region  has  been  substantiated  by  extensive  tests  in  the  Westland 
Materials  Laboratory  on  fully  carburised  steel  push-pull  test  specimens  designed  to 
reproduce  the  conformal  root  geometry.  The  trend  was  confirmed  up  to  the  maximum  mean 
compressive  stress  tested  (200  MPa). 
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7 . 2  Location  of  Critical  Stress  Region 

From  the  photoelastic  results  for  these  gears  from  ref.  15  the  maximum  stress  range 
extended  over  a  region  between  14°  and  23°  from  the  centre-line  on  the  compressive  side, 
the  latter  limit  coinciding  with  the  position  of  maximum  compressive  stress.  However, 
the  critical  region  relative  to  fatigue  life  is  that  for  which  the  stress  conditions 
(range  and  nature  of  mean  stress)  are  closest  to  the  Goodman  limit  line.  Translating 
the  results  from  ref.  15  for  the  Lynx  conformal  wheel  to  the  Goodman  Diagram  of  Figures, 
and  measuring  proximity  to  the  limit  line,  the  critical  region  appears  to  be  between  the 
centre-line  and  30°  on  the  tensile  side.  However,  the  margins  on  the  compressive  side 
are  not  much  greater  and  in  reality  the  critical  region  probably  extends  ±  30°  from  the 
centre-  line, 

7 . 3  Nature  of  Stress  Field  in  Roots 

The  photoelastic  results  from  ref.  15  indicate  large  surface  stresses  in  the  trans¬ 
verse  direction  in  the  critical  region.  It  is  not  safe,  therefore,  to  base  analysis  on 
plane  stress  assumptions. 

7 . 4  Coaparlaon  of  Strain  Gauge  and  Photoelaatlc  Reaulta 

A  comparison  of  the  results  obtained  pho t oe las t ica 1 ly  with  those  obtained  using 
strain  gauge  methods  (Fig.  4)  shows  surprisingly  close  agreement  for  the  tensile  root 
stresses  when  the  experimental  divergence  of  the  two  approaches  is  contrasted. 

The  discrepancy  between  the  compressive  results,  nevertheless,  appears,  on  a  cursory 
inspection,  to  be  appreciable,  the  strain  gauge  re sul t s  showing  some  800  MP^ ( 1 1 6 , 000  i  b f  /  i  n^  ) 
agalnat  583  MP^  (84,500  Ibf/in*)  from  the  photoelastic  approach  (a  difference  of  272). 

7 . 5  Effect  of  Variation  of  Centre  Distance  on  Root  Stresses 

A  factor,  however,  which  may  have  distinct  relevance  to  this  result  is  indicated  in 
Fig.  5,  which  illustrates  the  effect  of  variation  in  centre  distance  on  the  peak  stress 
values  recorded  by  the  root  strain  gauges. 

In  general,  the  magnitude  of  the  peak  tensile  stress  in  the  root  of  the  loaded  tooth 
is  unaffected  by  variations  in  the  true  centre  distance.  On  the  compression  side,  however, 
the  variation  of  centre  distance  produces  a  marked  change  in  the  magnitude  of  the  peak 
compessive  stress,  a  change  of  0.127  mm  (0,005  ins)  on  either  side  of  the  correct  centre 
distance  producing  a  variation  of  some  192  in  the  recorded  peak  to  peak  stress  values. 

The  applied  torque  in  this  case  is,  furthermore,  some  222  less  than  that  pertaining  to 
Fig.  4,  the  inference  being  that  changes  in  centre  distance  at  higher  torques  produce  a 
larger  commensurate  change  chan  the  192  already  indicated. 

7 . 6  Change  of  Centre  Distance  in  Photoelastic  Model 

Though  every  endeavour  was  made  during  the  photoelastic  investigations  to  simulate 
as  far  as  possihle  the  contact  situation  occurring  in  practice,  the  marked  effect  of 
centre  distance  on  the  magnitude  of  indicated  peak  compressive  stress  was  certainly  not 
realised.  I'ndoub t e d 1 v ,  under  the  torque  applied  to  the  heated  model  on  outward  bowing 

the  pinion  shaft  look  place  (manifested  by  small  angular  movement  of  the  pinion).  The 
Segment  support  pillar  itself,  must,  additionally,  deflect  in  the  vertical  plane.  Both 
these  movements  would,  essentiallv,  produce  the  effect  of  an  increased  centre  distance, 
a  condition  which,  as  shown  in  Fig.  5,  reduces  the  recorded  value  of  peak  compressive 
stress  to  a  marked  degree.  In  the  light  of  these  findings  the  test  rig  has  now  been 
extensively  modified,  the  segment  support  unit  being  redesigned  both  to  allow  a  closely 
controlled  adjustment  of  the  centre  distance  (so  that  the  effect  of  this  may  be  mon i t ored ) 
and  to  minimise  any  flexural  movement.  Pinion  shaft  support  diametrically  opposite  to 
the  contact  zone  has  also  been  incorporated. 

7 .  7  Effect  of  Shim  Implantation  in  Contact  Zone  of  P.E.  Model 

The  technique  of  shim  implantation  in  the  model,  to  simulate  the  contact  geometry 
produced  in  practice,  is  considered  to  have  been  particularly  successful.  Fringe 
'feeding'  from  the  Hertzian  zone  undoubtedly  influences  the  toot  stress  on  the compre s s i ve 
flank  more  than  on  the  tensMe  (a  probable  factor  in  the  peak  stress  magn  i  t  ude  d  i  f  f  e  rence  s 
shown  in  Fig.  13)  and  indi»-ates  the  importance  of  closely  mode’ling  the  geometry  of  the 
tooth  conjunction  during  the  s t re s s- f r ee z i ng  process.  Further  work  in  this  area  will 
assist,  additionally,  in  a  better  appreciation  of  the  localised  stress  distribution  inthe 
Hertzian  contact  zone  proper.  A  further  factor,  yet  to  be  investigated,  is  the  local 
effect  of  the  high  modulus  shim  material  (in  comparison  with  the  lower  modulus  material 
of  the  P.E.  model)  on  the  general  fringe  d i s t r  i  bu t i on . 

7 . 8  Influence  of  P.E.  Results  on  Conformal  Tooth  Analysis 

The  variation  in  both  magnitude  and  distribution  of  the  stress  field  axially  along 
the  tooth,  revealed  by  the  photoelastic  results,  reinforces  the  belief  that  any  two 
dimensional  plane  stress  analysis  is  inappropriate  to  the  conformal  gear  contact  problem, 
not  only  for  the  Hertzian  -'ontact  per  se  but  for  a  delineation  of  the  root  stresses, 
since  the  two  appear  to  be  interconnected.  This  is,  generally,  not  the  case  with  the 
standard  involute  form.  In  the  light  of  the  results  it  would  appear  that  a  three 
dimensional  analysis  linking  both  localised  Hertzian  contact  stress  and  root  stress  is 
required. 
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8.  CONCLUSIONS 

8.1  The  experimental  results  (strain-gauge,  photoelasticity,  and  holography)  for  the 
conformal  tooth  form  used  in  the  Lynx  helicopter  transmission  and  for  other  st'ong 
toothforms  have  demonstrated  that:- 

i)  Cantilever  beam  theory  used  for  normal  involute  toothforms  is  totallv 
inappropriate  as  is  the  associated  terminology  'tooth  bending'. 

ii)  The  critical  stress  region  in  respect  of  fatigue  failures  lies  within  30® 
of  the  root  centreline. 

iii)  Within  the  critical  stress  region  the  material  experiences  in-plane  stress 
cycles  with  tensile  and  compressive  turning  points,  and  compressive  mean; 
plus  significant  stresses  in  the  transverse  plane. 

8.2  Push-pull  fatigue  tests  carried  out  on  carburised  gear  steel  specimens  shaped  to 
reproduce  conformal  root  stress  conditions  have  demonstrated  that  the  fatigue 
limit  continues  upwards  into  the  compressive  mean  stress  region.  Conformal  tooth 
forms  studied  thus  make  better  use  of  the  material  strength  characteristics,  and 
therefore  offer  benefits  in  root  strength  as  well  as  surface  strength  relative  to 
normal  involutes. 

8.3  The  isotropic  wedge  theory  (10)  is  much  more  appropriate  to  strong  tooth  forms  than 
modified  cantilever  bending  theory,  but  requires  further  refinement  to  obtain 
sufficient  accuracy  in  predicting  In-plane  stresses.  Analyses  based  upon  plane  stress 
assumptions  cannot  predict  the  significant  transverse  stressed  measured.  Three- 
dimensional  f in i t e-el emen t  analysis  thus  appears  necessary  at  the  present  time  in 
situations  where  the  Specific  Torque  Capacity  approach  (5)  is  inadequate. 

8.4  A  technique  has  been  developed  for  enhancing  the  accuracy  of  contact  simulation  in 
frozen  stress  photoelastic  modelling.  The  results  of  the  general  three-dimensional 
stress  distributions  recorded  indicate  that  localised  stresses  in  the  Hertzian 
contact  influence  both  magnitude  and  distribution  of  the  conformal  tooth  root 
stresses,  particularly  in  the  compressive  flank.  The  modelling  of  the  geometry  of 
the  contact  conjunction  further  influences  P.E.  results,  to  a  yet  unknown  degree. 

9  RECOMMENDATIONS  FOR  FUTURE  WORK 

The  complexity  of  the  three-dimensional  stress  distribution  in  conformal  tooth 
meshing  revealed  by  this  study  indicates  that,  from  the  analytical  standpoint,  a  3DFinice 
Element  approach  could  well  provide  an  enhanced  appreciation  of  the  theoretical  problem. 

The  correlation  established  between  the  separate  strain  gauge  and  photoelastic  studies 
indicates  their  complementary  nature.  The  importance  of  close  integration  between  these 
two  areas  of  experimental  study  cannot  be  over-emphasised,  particularly  in  simulating 
working  effects  such  as  getf.r  misalignment,  deflections  of  shafts  and  gear  teeth,  centre 
distance  effects  and  bearing  support  compliances  in  the  experimental  model  itself.  By  a 
total  approach  such  as  this,  the  inherently  high  root  stress  capacity  of  the  conformal 
gear  may  be  optimised  to  its  greatest  advantage. 
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FIG.  10  Test  rig  assembly 
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All  ihe  c  jnt  ij^ura*  i  jns  hdVf  btoii  des.  i  gi-.t-d  wiihout  using  epicyclic  trains.  This  is  the  main 
difference  in  t  omp.i  r  i  sun  with  existing  gearboxes:  several  Considerations  are  responsible  for  such 
a  choice  and  thev  will  be  analyzed  later  on. 

For  each  de  ign  configuration  we  have  considered  several  solutions  obtained  dividing  the  total 
reduction  ratio  In  different  manners  between  the  single  stages. 

The  evaluation  of  *hc  four  c  ..mf  i  gurat  .ons  will  be  carried  out  making  a  comparison  with  a  typic.tl 
■nain  gearbox  for  a  twin  engined  helicopter  of  the  present  generation. 

In  this  activity  all  the  appreciation  lunttions  are  taken  into  account  separately. 

A.  Weight 

The  graph  of  figure  li'  -^h  ws  theweiglus  of  the  main  transmission  elements  (gears,  shafts  and  hearings) 
staled  the  unit  value  of  the  weight  of  the  typical  gearbox,  for  all  the  soluti-.>ns  taken  into 

account.  The  weights  are  considered  versus  the  reduction  ratio  of  the  last  stage  of  the  transmission. 

B.  Kcl iabl I ity 

The  graph  of  figure  11  shows  the  reliability  calculated  for  the  four  design  onf  igurat  ions  on  a 
Weibull’s  paper.  These  Vrilues  have  been  >ibtained  considering  the  main  transmission  elements  only. 

The  law  versus  time  is  exponential  of  the  form  H  (t)  •••  Kxp  ( -A  x  t/$  )  being  p :  1  . 7 .  As  a  comp.iris.. 

the  same  graph  shows  the  reliabiltty  of  the  tvpi'.al  gearbox. 

The  reliability  increase  shown  is  due  both  to  the  reduced  number  of  components  and  to  the  increased 
reliability  of  some  components. 

Particularly  for  all  the  solution  the  following  requirements  have  been  set  up: 

-  Minimum  life  f.>r  ••.ic  h  bearing  M'Kioh  BIO 

-  Minimum  life  for  gears  an<i  splines:  2000Oh  BOl 
Materials  used  and  t  r  ea  tnirii  t  s  to  be  performed  are  listed  in  Table  3  ft>r  all  solutions. 

Gears  :  AMS  6265  Carburized 

Ring  fiear  :  32  CDV  13  Nitrided 
Bearings  :  100  C6  AlSl  52100  (M50) 

Shafts  :  AMS  6^15  Hardened  6  Tempered 


The  reliibilitv  and  the  costs  have  b*"»n  calculated  considering  all  the  bearings  made  of  100  O. 
if  w»>  f  >rMS‘'»'  t'lf  the  most  critical  bearings,  the  use  of  M50  we  obtain  for  the  main  transmission 
'  bam,  an  :  ru  r  na  se  of  reliability  '  1- t  --d  lines  in  fig.  11)  and  an  i  nc  rease  of  cost  (15  ♦  I  7  pen  ent  )  . 
Table  *  shuws  'he  number  of  hours  r  which  we  have  a  reliability  of  50'i  fi-r  each  configuration  and 
f  )r  the  tvpual  gearbox.  In  i  he  first  and  in  'hi'  second  line  there  are  the  values  obtain»*d  using 
bearings  made  of  1  >10  (?6  and  Mill  resp«a,  •.  i -/,•  1  v  . 
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TIu’  p.ipff  shows  the  cvolu-ion  of  the  design  t, '■<  hiu  .ol.p’,  fij  .n  E  I  AT  AV ! !  vNE  S-r  ;!»■•  h<- 1  ;  v ‘.•p*.  •  r  s 

•.  r  aiism :  s  s  1  on  gearboxes  by  means  of  the  description  of  the  mochan  i  c.'i  I  units  designed  f.:r  the  AER'JSHAT  1  A!,F 
hoi  1.  opfrs:  SA  321,  SA  330,  SA  360,  SA  365. 

The  technical  sci  iut  ions  have  followed  a  development  strictly  related  to  the  customer  required  specifita- 
tiifis.  (ionsidering  the  past  and  present  evolution  we  can  foresee  the  future  development  trencl. 

As  ,in  explanatorv  example,  an  advanced  main  transmission  gearbox  for  a  medium  twin  engined  helicopter 
is  i..nsidered  and  some  design  solutions  are  shown, 

FIAT  AVlA^I'iNF  h.ive  acquired  a  long  experience  in  the  field  of  helicopter  main  transmission  gearboxes. 

In  rhis  activity  it  is  of  great  importance  the  cooperation  with  the  French  Firm  AEROSPATIALE  which  started 
in  1^5'’  with  the  subcontract  of  mechanical  groups  for  the  SIKORSKY  S  helicopter.  Such  cooperation  c«'nt!- 
nued  with  the  design,  the  development  and  the  manufacture  of  mechanical  transmissions  for  the  SA  321  Super 
Erelon,  SA  330  Puma,  SA  360  single  engine  Dauphin,  SA  365/366  twin  Dauphin  helicopters. 

The  figures  I  to  4  show  the  main  gearboxes  of  such  helicopters.  During  tlie  years  of  such  activity  thc- 
di-s  i  gn  ;  echn  i  ques  have  shown  a  great  evolution  due  to  changes  in  user’s  requirements. 

If  we  analyze  an  ordinary  main  transmission  gearbox  for  helicopters  in  functional  terms,  we  can  identify 
three  kinds  of  independent  functions  Isee  fig.  5). 

l>  L'se  functions;  these  are  the  functions  which  define  the  operating  features  of  the  gearbox. 

2)  Appreciation  functionsi  these  are  the  functions  which  define  the  appreciation  of  the  gearbox  bv  tfie  user. 

3  I  Imposed  functions-  :  these  functions  .ire  imposed  by  the  customer.  It  is  a  question  of  some  requirements  that 
must  bo  taken  into  account  during  the  design  activity  (e.g.  interfaces,  flange  specifications,  external 
d imens ions  etc.) 

Leaving  riside  the  imposed  function  requirements,  the  choice  among  the  different  design  solutions  tfi.it 
satisfy  'lie  use  funttiuns,  depends  upon  the  parameters  defining  the  appreciation  functions.  Then  the  absolute 
and  relative  weights  assigned  to  the  appreciation  functions  during  the  design  activity,  are  the  re.isons  whv 
in  different  times  different  c  tinf  tgura  t  i  ons  have  been  chosen. 

Gonsidenng  the  more  recent  requirements  we  can  foresee  which  design  solutions  will  be  valid  for  a  go.irbt'x 
to  be  made  avaiU^ble  in  the  Lite  eighties. 

As  an  example  these  considerations  will  be  drvo  1  oped  with  r«-f^T*'m«-  ;  ■>  a  hyi'othetir  main  goirb-x  l">r  a 
rai’i.1 1  im  r-win  engined  helicopter.  The  main  design  requirements  considered  arc-  listed  below  in  the  Table  1. 

DESIGN  REWDJRE.MENT.S 

Input  power  2  x  65G  HP 

1  X  ii’on  HP 

Input  speed  h(1iH>  RPM 

H.1  i  II  rotor  speed  385  Rf'M 

Tail  r>.)tor  drive  speed  RPM 

Dri-/en  accessories  I  (or  ?>  Hvdr.mlic  pump 

1  A.r.  geniTati'r 

2  ‘'ll  pumps 
1  Brake 

1  Fooler  fan 

Lubrication  oi.:  Synthetic  oil  conforming  to  M 1 1--l.-236‘Jd 

TALJ.F  1 

Being  -he  subi<’L'  vers  general,  all  the  considerations  m.ade  later  on  will  be  about  the  mam  transmission 
rh.iiii.  The  <on;  lusuns  .,f  i-he  analysis  ruuld  be  influenced  bv  the  characteristics  of  rhe  ‘.onsidercMl  ex.implo, 

BR-o  -R.v :  : 

C'-ns  i  lie  r  i  ng  rh'‘  r-'qu  :  remen  •  s  shown  in  Table  I  f<’ur  different  main  gearbox  t  on!  i  gura  :  ; --ns  !><  ••n  ■  ak«-n 

in"-'  uri'un'.  In  fig.  n,  H.  '<  n'-  A,  B.  .  li  are  respectively  shown  .ti.J  in  the  Table  2  their  main 
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DISCISSION 


R.Drago, 

Have  you  looked  al  the  possibility  of  building  a  large.  inlerc<»nneeied  (1  U  Model  using  the  Cray  computer?  How  would 
this  high  speed  machine  impact  your  interesting  approach'.’ 

.4u(hor\  Reply 

High  speed  computers  will  allow  more  accurate  compulations  such  as  time  history  analyses  o(  n«.n-linear  systems. 
Otherwise  they  will  not  affect  the  considerations  presented  in  the  paper  which  will  make  the  ily-'  is  more  accurate 
(system  identification)  and  more  convenient  (eompareni  synthesis)- 


D.<;.A^Cndge,  UK 

I  would  like  to  pay  tribute  to  Mr  Berman  and  his  colleagues  al  Kaman  for  demonstrating  the  need  for  analysis  of  the 
complete  gearNix  as  a  system,  and  for  their  useful  work  (»n  analysis  data  compression  and  handling.  His  claim  that  finite 
eJeme/jt  analysis  techniques  are  m>i  iippropriutc  conflicts  with  our  experience  in  earryingoul  a  complete  system  analysis 
of  our  Lynx  main  transmission  —  hul  perhaps  the  simplicity  of  this  gearbox  configuration  accounts  for  our  successful 
application  of  KHA  to  the  prediction  of  modal  and  forced  response  al  frequencies  up  to  2-^  KHz.  Using  our  WLSDOM 
pre-posl-priKcssing  facilities  mounted  on  a  1)1- ('  11-45  computer  and  MSC'  Nastran  on  our  IBM  .1081  main  frame,  we 
completed  (he  analysis  of  4  load  eases  using  14  minutes  CPL'  time  v>n  the  latter.  The  mt>dcl  comprised  20t)t)  grid 
points,  producing  1 0.OOO  degrees  of  freedom,  and  was  used  to  analyse  the  differences  between  the  original 
configuration  of  this  gcarhox  and  the  uprated  ’power-sharing'  version  which  contributed  to  the  measured  cabin  noise 
reductions  of  up  to  V  dB  at  the  t>uiput  stage  meshing  frequency  (461)  Hz). 

AuthorN  Reply 

Your  experiences  are  noteworthy  and  you  are  to  be  commended  for  their  success.  If  your  analyses  truly  represent  the 
dynamics  of  the  system,  you  should  be  able  tti  optimize  the  configuration  to  jiblam  a  true  minimum  of  interior  m»ise 
within  the  design  constraints 


a  repository  for  advanced  technology  related  to  all  aspects  of  this  problem.  The  program 
performs  a  generalized  component  synthesis  function.  A  library  of  “technology  modules," 
which  is  readily  expandable,  contains  analytical  representations  of  various  components 
where  each  is  treated  as  a  free  body.  The  library  also  contains  force  and  solution 

algorithms.  A  user  of  the  system  may  develop  a  "model"  consisting  of  an  arbitrary  set  of 
component  types,  each  augmented  by  the  identification  of  the  appropriate  set  of  data  and 
an  arbitrary  forcing  function.  The  model  then  is  formulated  numerically  and  various 
solution  methods  may  be  applied  to  the  resulting  equations. 

The  general  architecture  is  such  that  all  the  procedures  described  (and  Illustrated 
in  Figure  1)  nay  be  incorporated.  When  a  new  or  inproved  analysis  method  or  component 
representation  is  formulated,  it  may  be  added  to  the  technology  library  and  becomes  one 
of  the  available  "modules"  for  use  in  executing  a  coupled  analysis. 

An  overview  of  the  program  libraries  is  shown  below  in  Figure  2.  A  more  detailed 
description  may  be  found  in  Ref.  7. 


MODELING  DATA  LIBRARY 
STORES  DATA,  MODELS 


Figure  2,  Overview  of  DYSCO  Program 


8.  CONCLUDING  REMARKS 

In  this  paper,  the  problems  associated  with  the  prediction  of  resonant  amplification 
of  transmission  gear  noise  is  discussed.  It  is  concluded  that  substantial  practical  and 
theoretical  difficulties  exist. 

Certain  techniques  are  suggested  which  can  help  to  make  the  solution  of  this  problem 
a  practical  reality.  These  include: 

Independent  component  representations; 

Use  of  test  data  to  improve  or  develop  analytical  models; 

Reduction  of  coordinates  in  the  frequency  domain; 

Component  coupling  to  evaluate  various  configurations  and  parameters; 

Use  of  a  generalized  computer  program  to  incorporate  all  the  features  of  Figure  1 
and  serve  as  a  repository  for  technology. 

The  problem  is  difficult,  but  not  hopeless.  Well  directed  research,  and  continuing 
improvements  in  the  technology  of  analytical  modeling  and  dynamic  testing  combined  with 
advanced  software  to  take  advantage  of  new  larger,  faster,  more  economical  computers  will 
all  help  to  bring  this  complex  problem  under  control. 

REFERENCES 

1.  Cremer,  L.,  Heckl,  M,  ,  Ungar,  E.E. ,  Structure  -  Borne  Sound,  New  York,  NY, 

Springer-Verlag ,  ] 973 

2.  Sciarra,  J.J.,  Howells,  R.W.,  Lenski ,  J.W.,  Jr.,  Drago,  K.J.,  Schaffer,  E.G,, 

Applied  Technology  Laboratory  (AVRADCOIl) ,  Ft.  Eustis,  VA,  Helicopter  Transmission 
Vibration  and  Noise  Reduction  Program,  1978,  USARTL-TR-78-2A 

3.  Hurty,  W.C.,  Jet  Propulsion  Laboratory,  Pasadena,  CA,  Dynamic  Analysis  of  Structural 
Systems  by  Component  Mode  Synthesis,  196^,  Technical  Report  32-530 

U.  Berman,  A.,  Glansante,  N.,  "CHIANTI  -  Computer  Programs  for  Parametric  Variations  in 
Dynamic  Substructure  Analysis,"  Shock  and  Vibration  Bulletlt  ,  No.  47,  1977 

5.  Bowes,  M.A.,  Giansante,  N.,  Bossier,  R.B.,  Jr.,  Berman,  A,,  Eustis  Directorate 

(USAA^^RDL) ,  Fort  Eustis,  VA,  Helicopter  Transmission  Vibration  and  Noise  Reduction 

Program,  1977,  USAAMRDL-TR-77-T5  - 


points  at  which  forces  may  be  applied.  This  process  can  reduce  the  size  of  the  problem 
to  be  solved  by  at  least  an  order  of  magnitude  or  more. 


The  reduction  process  may  be  represented  as  follows.  If  the  Impedance  matrix 
lEq.(^»)]  is  reordered  so  that  the  degrees  of  freedom  to  be  retained  are  in  the  submatrix 


then  the  reduced  impedance  matrix  may  be  written 

.  Zj  -  Z2  z'^  Z^  (6) 

Each  of  the  reduced  models  at  all  necessary  frequencies  can  be  stored  on  a  data  base 
and  will  be  directly  available  for  use  in  the  analyses  of  configurations. 

The  exact  reduction  process  is  only  possible  for  frequency  domain  models  and  thus 
this  formulation  is  suggested  whenever  it  is  technically  appropriate.  The  relatively 
small  number  of  discrete  frequencies  of  interest  also  tends  to  make  this  an  efficient 
procedure . 

6 .  COMPOMENT  CQUPLIIIG 

In  the  frequency  domain  or  the  time  domain,  the  coupling  of  component  analytical 
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models  to  form  the  equations  of  the  complete  system  can  be  quite  straightforward .  * 
Given  a  transformation  matrix  T.,  which  relates  the  displacement  vector  of  component  i, 
X^,  to  the  displacement  vector,  ^X,  of  the  complete  system: 

-  T^  X  (7) 

then  the  impedance  matrix  of  the  system  can  be  written  as: 

Z(b)  -  I  Zj^(u)  (8) 

where  the  summation  is  over  all  the  components.  As  shown  in  Ref.  (6),  the  transformation 
matrix  may  be  readily  formed  as  long  as  the  coupling  of  the  components  may  be  expressed 
in  the  form  of  a  linear  relationship  between  degrees  of  freedom  of  the  components.  In 
the  simplest  case  v;here  two  displacements  are  equal  (such  as,  a  shaft  displacement 
coordinate  equals  a  specific  bearing  displacement)  the  relationship  is  of  the  form; 

«  X2  (9) 

In  a  more  complicated  condition  where  a  physical  displacement  interfaces  a  modal  repre¬ 
sentation  of  a  component,  the  relation  will  be  of  the  form: 

^1 '  ^  'll 

where  the  q's  represent  modal  amplitudes  and  the  a's  represent  the  mode  shape  dlsplece- 
nents  at  the  point  of  attachment.  In  either  case  the  formation  of  the  T^  matrix  is  a 

straightforward  process  which  has  been  automated  in  existing  computer  programs,  such  as 
DYSCO  [Ref.  (0) ,  (7)] . 

Given  the  equations  of  the  components  (c.g.,  the  impedances),  and  information 
regarding  the  geometry  of  Che  coupling,  such  a  program  could  automatically  form  the 
equations  of  the  coupled  system,  retaining  only  a  set  of  independent  coordinates.  The 
program  then  would  have  the  capability  to  apply  various  solution  algorithms,  such  os, 
computation  of  the  forced  response  of  the  system  at  each  frequency  of  Interest.  Indivi¬ 
dual  components  could  then  be  modified  or  components  such  ar  vibration  absorbers  could  be 
added  and  the  coupling  and  solution  could  be  repeated  to  assess  the  effectiveness  of  the 
changes . 

It  is  also  possible  to  provide  a  post  processing  feature  to  the  program  to  allow  the 
solution  of  each  complete  component  of  interest  when  each  is  treated  as  a  free  body  acted 
upon  by  the  interface  forces  determined  in  the  coupled  analyses.  The  interior  vibration 
of  the  fuselage,  for  example,  could  then  be  obtained  for  each  configuration  of  interest. 

7.  DISTRIBUTED  TECHNOLOGY 

The  technologies  involved  in  this  problem  may  be  classified  as  multidisciplinary. 
It  is  also  true  that  specialists  in  the  various  areas  are  located  in  widely  separated 
research  organizations.  In  general,  each  researcher  his  an  analysis  method  (computer 
program)  that  treats  his  area  of  specialization  in  detail,  but  may  contain  only  a 
simplified  representation  of  the  related  fields.  What  is  required  is  a  means  of 
consolidating  all  the  highest  levels  of  the  technologies  into  a  single  a’-alysis  method, 
and  have  that  method  available  to  all  interested  users. 

The  DYSCO  progran^’^  Is  an  example  of  a  system  that  has  such  a  capability.  It  is  an 
executive  contiol  system  that  has  a  software  architecture  which  will  allow  it  to  serve  as 


representation  resulting  from  a  prior  finite  element  analysis.  The  rotor  system  may  be 
represented  by  an  analytical  impedance  formulation. 

Another  advantage  is  that  the  models  of  individual  components  may  be  separately 
modified  qr  enhanced  with  increasing  detail  during  various  stages  of  the  design  and 
the  development  of  the  hardv;are. 

A  third  benefit  of  the  component  synthesis  form  of  analysis  is  that  studies  of 
modified  designs  nay  be  conveniently  carried  out  by  changing  only  the  analytical  models 
of  the  components  affected, 

4.  USE  OF  TEST  DATA 

When  actual  physical  components  are  not  available,  the  analysis  represents  the  only 
known  data  and  best  use  of  it  must  be  made.  However,  since  the  prediction  of  the  dynamic 
behavior  in  the  relevant  frequency  range  Is  expected  to  be  poor,  analysis  alone  is 
uni:  ?ly  to  be  adequate,  except,  possibly,  for  the  prediction  of  trends.  The  formulation 
of  such  an  analysis  may  be  used  as  a  base  to  be  improved  upon  when  additional  data 
becomes  available . 

When  the  hardware  of  any  components  exists,  there  arc  several  ways  in  which  testing 
can  be  of  great  value.  Suggestions  are  made  below  which  should  be  considered  depending 
on  the  specific  conditions  and  structures  involved. 

Any  component  that  interfaces  with  other  components  at  a  small  number  of  locations 
may  be  modeled  directly  from  test  data.  The  most  direct  approach  is  as  follows.  The 
structure  is  excited  at  each  of  the  degrees  of  freedom  of  the  interfaces  and  the  applied 
force  and  the  responses  are  measured  at  all  of  these  degrees  of  freedom.  This  procedure 
is  repeated  for  each  frequency  of  interest  to  form  mobility  matrices.  The  measured 
matrix  elements  (3X^/3fj^)  form  a  mobility  matrix,  Y,  where 

Y(u)  f(u>)  =  X(w)  <3) 

or.  from  Eq.  (2) 

Y(u)'^  =  Z(i.)  =  IK  -  +  1«,C)  (A) 

The  inverses  of  the  mobility  matrices  may  be  treated  as  an  analytical  model  and  may 
be  directly  coupled  with  other  component  representations.  Great  care  must  be  exercised 
in  this  application,  since  measurement  errors  tend  to  be  magnified  in  the  matrix 
inversion.  In  addition,  the  measurement  accuracy  required  increases  very  rapidly  as  the 

order  of  the  matrices  grows  beyond  a  small  number,^ 

In  spite  of  the  potential  difficulties  associated  with  this  procedure,  it  can,  under 
the  proper  circumstances,  be  quite  useful.  It  may  be  possible  to  obtain  a  valid  appro¬ 
priate  model  of  the  entire  airframe  by  the  use  of  this  technique.  In  order  to  simulate 
the  appropriate  boundary  conditions,  a  soft  suspension  system  must  be  used  and  care  must 
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be  exercised  to  insure  that  the  responses  are  in  the  linear  range. 

Other  components  may  also  be  candidates  for  such  a  procedure,  such  as,  the  tail 
rotor  and  tail  rotor  drive  modeled  at  the  transmission  interface.  Interfaces  with  other 
components  must  be  taken  into  consideration,  including  drive  shaft  supports  attached  to 
the  fuselage. 

When  a  component  has  been  represented  by  a  derived  mathematical  analysis,  testing 
can  be  used  to  confirm  the  validity  by  comparing  the  natural  frequencies  and  modes  of  the 
component  with  those  predicted  by  the  analysis.  If  satisfactory  agreement  is  not 
observed,  the  model  may  be  modified  by  an  iterative  intuitive  process  until  consistency 
is  achieved. 

More  automated  processes  for  model  improvement  arc  presently  being  researched  under 
the  general  area  known  as  "structural  system  identification."  An  excellent  review  of 

such  procedures  has  been  published  by  Ibanez. Specific  applications  to  a  helicopter 
transmission  housing  are  given  in  Ref.  11,  12  with  a  more  advanced  version  of  the 
technique  given  in  Ref.  13.  This  specific  procedure  results  in  an  analytical  model  which 
is  still  related  to  the  structural  characteristics  but  contains  the  precise  natural 
frequencies  and  modes  as  measured  on  the  structure. 

5.  REDUCTION  OF  DEGREES  OF  FREEDOM 

For  components  which  are  analytically  represented,  considerable  modeling  detail  is 
required  In  this  frequency  domain.  The  very  large  number  of  degrees  of  freedom  of  the 
coupled  system  will  result  in  very  large  computational  costs.  Considerable  economic 
benefits  result  from  a  procedure  which  can  reduce  the  size  of  the  problem  without  loss  of 
accuracy. 

Such  a  method,  for  frequency  domain  applications  has  been  applied  to  transmission 

analyses.  This  procedure  allows  the  modeling  of  each  component  to  be  as  detailed  and 
complex  as  necessary.  However,  before  use  In  a  coupled  analysis,  the  model  is  reduced  so 
as  to  Include  only  the  interface  degrees  of  freedom,  plus  any  others  necessary,  such  as, 


figure  1.  Procedure 
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frequency  phenomena,  ic  is  unlikely  to  be  so  for  acoustic  range  dynamics.  Any  phybically 
attached  component  whose  dynamics  will  influence  the  natural  frequencies  of  the  trans¬ 
mission  system  must  be  included  in  the  analytical  model.  A  priori  assumptions  regarding 
the  validity  of  such  special  simplifying  considerations  are  inappropriate. 

Thus,  it  appears  that  the  task  required  is  to  model  in  considerable  detail:  the 
entire  drive  system  including  all  gears,  shafts,  bearings,  housings;  the  fuselage  and  all 

its  components;  the  rotor(s)  and  engine(s);  and  all  shafts,  couplings  and  other  attach¬ 

ments.  Not  only  would  such  a  project  be  very  expensive  in  terms  of  personnel  and  com¬ 
puter  resources,  but  it  is  unlikely  that  sufficiently  accurate  predictions  would  be 
obtained. 

The  procedures  suggested  in  the  following  sections  will  reduce  the  cost,  increase 

the  accuracy  of  the  analysis,  and  will  bring  the  solution  of  this  aspect  of  the  general 

problem  into  the  realm  of  feasibility. 

2.  GENERAL  APPROACH 

Several  concepts  which  can  make  the  entire  process  more  manageable,  more  efficient, 
and  more  accurate  are  defined  in  the  following  sections.  They  are  briefly  described 
below. 

It  is  possible  and  convenient  to  treat  portions  of  the  dynamic  system  as  separate 
entities  or  components.  The  components  may  be  modeled  using  tcchniqu  s  appropriate  to 
each.  It  is  not  necessary  or  desirable  to  model  the  entire  system  as  a  unit  using  a 
single  type  of  analysis  procedure,  such  as  a  finite  element  method- 

Dynamic  testing  may  be  performed  on  each  component,  if  the  hardware  is  available,  to 
improve  the  analytical  model.  Under  certain  circumstances,  the  test  data  may  be  used 
alone  to  represent  the  component's  dynamics. 

The  number  of  degrees  of  freedom  of  individual  component  models  may  be  greatly 
reduced  with  no  loss  of  accuracy  when  working  in  the  frequency  domain.  This  also  greatly 
reduces  the  size  of  the  coupled  analysis  problem  and  is  an  important  cost  saving 
technique.  The  reduced  models  may  be  stored  and  later  retrieved  as  required  without 
repeating  the  prior  analysis. 

The  component  representations  car,  be  analytically  cowbined  into  various 
configurations  including  modifications  of  particular  components  to  assess  the  effects  of 
structural  changes. 

This  general  procedure  is  illustrated  in  Figure  1. 

3.  COMPONENT  ANALYSIS 

The  treatment  of  complex  structures  as  a  combination  of  components  has  become  common 

3 

practice  since  the  important  publication  on  the  subject  by  Hurty.  Numerous  related 
procedures  have  been  used  and  specific  applications  to  frequency  domain  transmission 

analysis  were  developed^  and  applied.^  A  general  time  domain  software  system  for  this 
purpose  has  been  reported  in  References  6,  7. 

The  forms  of  the  equations  (for  a  linear,  viscously  damped  system)  of  each  component 
are  as  follows.  The  time  domain  representation  is: 

MX+  CX  +  KX  “  f(t)  (!) 

and  the  frequency  domain  representation  is: 

(K  -  +  luC)  X(u)  -  f<u)  (2) 

where  M,  C,  K  arc  real,  symmetric  nxn  matrices  representing  mass,  vicous  damping,  stiff¬ 
ness,  n  is  the  number  of  independent  degrees  or  freedom,  w  is  the  frequency  of  the 
applied  force  and  1  -  /  -'IT  f  is  a  vector  of  applied  forces  it  each  degree  of  freedom 
and  X  is  a  vector  of  the  displacement  of  each  degree  of  freedom.  The  degrees  or  freedom 
may  be  physical  displacements  (and  rotations)  or  generalized  coordinates,  such  as,  modal 
amplitudes.  In  Eq.  (1),  f  and  X  are  functions  of  time.  In  Eq.  (2)  f  and  X  are  complex 

amplitudes  of 

The  equations  of  the  complete  coupled  system  are  of  precisely  the  same  form  as  F.qs. 


There  arc  a  number  of  advantages  to  using  a  synthesis  method  which  will  allow 
separate  analyses  types  for  components. 

First,  each  component  may  be  modeled  in  a  most  appropriate  and  effective  manner. 
For  example,  a  housing  structure  is  likely  best  analyzed  by  a  finite  element  method.  A 
shaft  component  may  more  effectively  be  treated  with  a  specially  developed  analysis  which 
takes  advantage  of  its  beam  characteristics  and  axial  symmetry.  The  entire  fuselage  mav 
be  represented  by  a  measured  Impedance  matrix  (at  each  forcing  frequency)  or  by  a  modal 
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SUMMARY 

Prediction  of  interior  noise  of  helicopters  due  to  drive  train  vibration  ideally 
requires  an  analytical  model  of  the  entire  dynamic  system  including  airframe,  transmis¬ 
sion,  and  all  attachments.  The  development  of  such  a  model  is  beset  with  numerous 
difficulties.  This  paper  addresses  the  need  for  such  a  model  and  certain  of  the  critical 
Issues  involved:  the  inadequacy  of  finite  element  modeling  in  the  acoustic  frequency 
range;  the  costs  associated  with  assessment  of  parametric  variations;  the  difficulty  of 
incorporating  new  technology  into  existing  computer  programs.  Potential  solutions  to 
these  problems  are  discussed:  use  of  combined  test  and  analysis  (system  identification) 
to  obtain  better  models;  component  synthesis  using  frequency  domain  reduced  models;,  a 
computer  program  known  as  DYSCO.  This  program  has  a  general  capability  to  modify  and 
couple  components  in  the  time  or  frequency  domain  and  can  act  as  a  repository  for  the 
latest  analytical  developments. 

PREFACE 

The  vibratory  forces  generated  at  gear  meshes  in  helicopter  power  transmission 
systems  often  result  in  excessive  noise  in  the  aircraft  Interior.  The  high  noise  level 
may  be  due  to  large  excitation  forces  or  it  may  be  the  result  of  a  mechanical  resonance 
which  amplifies  the  vibration.  In  the  first  instance,  the  problem  may  be  corrected  by 
reducing  the  forces  of  excitation  through  improved  gear  design.  While  this  may  require 
more  costly  manufacturing  processes  and  the  effect  of  wear  lends  some  uncertainty  to  the 
process,  there  are  few  viable  alternatives.  The  use  of  materials  to  block  transmission 
of  the  vibration  or  to  absorb  the  noise  often  results  in  excessive  weight  penalties  and 
the  effectiveness  has  not  always  been  completely  satisfactory. 

In  certain  Instances,  the  high  noise  level  Is  due  to  a  resonant  amplification,  in 
which  case  the  problem  may  be  treated  by  changing  the  structural  characteristics  of  the 
dynamic  system.  Some  changes  may  include:  changes  in  mass,  stiffness,  or  structural 
damping;  modification  of  the  geometry,  such  as,  bearing  or  mount  locations;  or  by  instal¬ 
lation  of  mechanical  devices,  such  as  vibration  absorbers  or  isolators.  The  prediction 
of  this  condition  and  the  evaluation  of  changes  requires  a  detailed  dynamic  analysis. 
The  problems  associated  with  the  development  of  an  adequate  analysis  of  the  dynamics  of 
the  system  are  substantial  and,  optimistically,  border  on  the  edge  of  the  present  state 
of  the  art. 

The  discussion  in  this  paper  addresses  the  difficulties  of  the  prediction  o£  the 
resonant  phenomena  and  the  evaluation  of  candidate  changes.  Approaches  are  suggested 
which  can  improve  the  validity  and  cost  effectiveness  of  such  analyses.  The  topics  of 
wave  propagation,  reflection  of  waves,  elastic  Interlayers,  blocking  masses,  and  other 

similar  phenomena^  are  not  directly  treated,  however,  the  general  concepts  presented  also 
have  applications  in  these  areas. 

The  problem  of  high  interior  noise  due  to  transmission  of  gear  noise  is  a  difficult 
challenge  and  much  research  will  be  required  before  satisfactory  solutions  will  be 
achieved. 

1.  MODELING  DIFFICULTIES 

Helicopter  drive  systems  normally  operate  at  a  constant  speed,  thus  there  arc 
generally  a  relatively  small  set  of  discrete  frequencies  of  excitation.  The  frequencies 
of  interest,  however,  are  much  higher  than  the  low  order  natural  frequencies  of  the 
structure.  It  is  not  uncommon  for  this  range  to  include  modes  of  order  30  to  60  and 
higher  of  a  major  component  such  as  a  transmission  housing  (see  Ref.  2,  p.90,  for 
example) .  In  order  to  make  accurate  predictions  of  this  phenomena  it  is  important  that 
the  natural  frequencies  of  the  dynamic  system  be  known  rather  accurately. 

The  best  methods  of  analyzii^  such  a  structure  (c.g.  transmission  housing)  are  of 
the  finite  element  category.  The  typical  irregular  shape,  varying  thickness,  and 
numerous  cutouts  precludes  any  more  analytical  formulation.  An  analysis  of  adequate 
detail  to  predict  such  high  frequency  modes  requires  thousands  of  nodes  and  degrees  of 
freedom.  The  cost  of  formulating  and  processing  such  an  analysis  will  be  very  high. 
However,  even  with  a  very  careful  and  detailed  analysis,  the  likelihood  of  accurately 
predicting  natural  frequencies  above  the  first  few  is  extremely  small. 

There  are  certain  very  special  circumatancea  when  the  local  natu'^'al  frequencies  of 
individual  components  are  meaningful  in  this  context.  The  free-free  frequencies  of  a 
shaft  may  fall  in  this  category  if  the  bearings  are  located  precisely  at  the  nodes  of  the 
modes.  If  the  fuselage  were  very  stiff  with  high  Inertia,  the  transmission  could  be 
considered  as  attached  to  ground.  However,  stiffness  here  is  relative  to  the  frequencies 
of  Interest.  While  such  an  approximation  may  be  valid  when  considering  very  low 
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DISCUSSION 


R.Dnigo«  US 

You  noted  that,  for  involute  gears,  the  root  tensile  stress  is  much  higher  than  (he  root  armprcs.sivc  stress,  but  for 
a>nformals  the  compressive  stress  at  root  is  higher  than  tensile.  For  thin  RIM  involutes,  RIM  htmding  predominates 
and  the  compressive  stress  becomes  much  higher  than  the  tensile.  This  effect  w()uld  he  much  worse  on  W— N  gears  and 
thus  the  alternating  stress  (i.e.  comp.-tens.)  would  be  much  higher  for  W— N  gears.  Their  bending  strength  would  thus 
be  low.  Have  you  done  any  testing  on  realistic  thin  rimmed  W— N  gears?  Either  P— E  or  strain? 

Author's  Reply 

The  rm>l  stress  variation  shown  in  Figure  4  was  found  to  apply  to  the  bottom  of  the  UK)ih  root,  single  tooth  contact 
region  for  the  pinion  (scatter  ±  3%)  and  wheel  (±  57o)  in  the  ‘dumb-beir  rig  tests.  In  this  rig  the  pinions  were  solid,  and 
the  wheel  had  a  rim  thickness  to  diameter  ratio  of  approximately  .02  —  quite  nexible.  Subsequent  results  from  strain 
gauge  tests  on  the  definitive  gearbox  in  which  pinion  rim  thickness  to  diameter  ratios  were  approximately  .2.  also 
followed  Figure  4  very  closely.  I  am  not  aware  of  strain  gauge  measurements  made  on  ihin-rim  involute  gears,  s<»  I 
cannot  comment.  From  our  measurements  it  appears  that  the  combination  of  the  compressive  peak  stress  arises  from 
the  strong  tooth  form  and  may  also  apply  to  all-addendum  involute  teeth.  The  conclusion  from  Figure  8  —  that 
conformal  teeth  make  better  use  of  gear  steel  strength  characteristics  because  of  (he  compres.sivc  nature  of  the  mean 
.stress  would  apply  to  any  geometry  having  this  characteristic  —  provided  that  limiting  stresses  do  not  arise  elsewhere  — 
e.g.  in  the  bore  or  body  of  the  rim. 


R,W.SnHlle,  UK 

1 .  This  study  shows  that,  in  high  conformity  gear  tooth  contacts,  in  which  the  area  of  contact  can  be  of  the  same  order 
as  the  t(wlh  height,  it  may  be  necessary  to  consider  non-Herizian  aspects  of  the  contact  stresses  and  deformations. 
The  authors  have  made  significant  progress  in  this  area,  particularly  in  drawing  attention  to  the  interactions  of  the 
contact  and  root  stress  distributions. 

2.  Analysts  of  elastohydrodynamic  lubrication  of  these  contacts  is  a  very’  difficult  problem.  The  contacts  are.  in  EHL 
terms,  very  heavily  loaded.  Film  thickness  formulas  which  arc  based  on  the  analysis  of  relatively  lightly  loaded 
contacts  probably  involve  a  significant  extrapolation  when  applied  to  W»N  conditions. 

Author's  Reply 

The  authors  would  concur  with  Dr  Snidic's  comments,  and  express  appreciation  for  the  valuable  contributions  ’hat  he 
and  hi.s  co-workers  are  making  to  the  analysis  of  the  kinematics  of  conformal  gears,  and  of  elastohydrodynamic 
lubrication.  Clearly  the  large  relative  areas  of  the  conformal  contact  renders  the  applications  of  the  basic  Hertzian  stress 
equations  open  to  doubt,  since  these  were  erected  t  solve  nominal  point  or  line  contact  problem.s.  Und«)ubiedly.  on  the 
basis  of  the  photo-elastic  results  obtained,  there  is  a  marked  interaction  of  the  stress  field  from  the  contact  area  with 
that  occurring  in  the  tooth  rcxit  on  the  compressive  side.  Since  the  stress  fields  themselves  cannot  be  considered  as 
planar  this  further  complicates  the  analysis.  It  is  fell,  as  the  paper  suggests,  that  an  inductive  approach  employing 
experimental  and  analytical  techniques  in  parallel  is  preferable  to  treating  any  approach. 

These  analytical  problems  occur  with  other  machine  elements  also  --  in  bearing  balls  the  contact  areas  can  be  relatively 
large,  and  in  rotating  outer  raceways  the  interaction  of  contact  stress  fields  with  tensile  h<H>p  stresses  can  be  significant. 
Epicyclic  ring  gears  have  a  conforming  nature,  and  interaction  between  contact  and  rtxH  stress  fields  is  quite  common. 

It  is  important  to  continue  the  development  of  analysis  methods  fiir  imprtived  prediction  of  deflections,  stresses,  and 
surface  separation  in  all  forms  of  machine  elements.  The  rapid  growth  of  computing  facilities,  numerical  methods,  and 
improved  experimental  techniques  arc  making  a  considerable  irnpaci  on  the  most  complex  of  problems.  There  is  still 
much  scope  for  progress  with  analytical  tools  in  the  sense  that  correlation  of  life  or  pcrform:mcc  in  service  with 
magnitude  of  individual  components  of  complex  stress  fields  or  classical  failure  criteria  is  lacking  for  many  machine 
element.s.  but  this  i.s  not  surprising  in  view  of  the  large  number  of  possible  failure  modes  and  the  complexity  of  sticss 
fields  and  surface  separation  parameters  (Paper  .1 !  details  some  aspects  of  this  problem). 

In  the  meantime,  however,  gearbox  designers  arc  well  served  by  empirical  design  criteria  such  as  Lloyd’s  K  factor  or 
Specific  Torque  Capacity  for  gears,  and  Load  Severity  Criterion  for  bearings.  These  are  ba.seil  on  nominal  surface 
stress,  and  being  simple  to  calculate  have  been  used  for  a  long  time  now  for  correlating  srrvico  experience.  Such 
experience  factors  have  been  particularly  useful  in  the  extension  of  designs  within  a  given  product  range,  which  is  a  very 
common  situation.  This  approach  succeeds  because  many  of  the  factors  which  have  an  impact  on  life  remain  relatively 
constant-environment,  materials,  and  manufacturing  parameters;  and  perhaps  only  speed  or  load  intensity  differ  from 
previous  experience  —  one  is  Uxiking  for  performance  'delta.s'  rather  than  absolute  levels.  A  heartening  Ic.sson  from 
uprating  activity,  such  as  that  described  in  thi.s  presentation  for  the  Lynx  conformal  gears,  is  the  way  in  which  the 
hardware  accepts  higher  duty  conditions  in  spite  of  any  pessimism  engendered  by  calculated  stress  levels.  This  must  be 
due  at  least  in  part  to  the  cube  root  relationship  between  contact  stress  and  load  for  elliptical  contacts,  a  rclation.vhip 
(hat  probably  remains  true  despite  any  mtxiification  of  absolute  stress  levels. 


FIG. 12  Isochromatic  fringe  pattern' 


I.  Conf igura t : on  Choice 


The  choice  of  the  best  conf i gurat i on  depends  upon  the  priority  and  the  weight  we  assign  to  the 
appreciation  f unc t  ions . 

We  take  into  account  weight ,  direct  costs  and  reliability.  Using  Value  Analysis  techniques  and 
assigning  suitable  weights  to  the  different  functions  it  is  possible  to  determine  a  general  appreciation 
function  for  every  configuration. 

The  analysis  has  been  carried  out  considering  that  the  weights  assigned  to  rh'-  actions: 

-  Increase  reliability 

-  Decrease  manufacture  cost 

-  Reduce  weight 

are  in  the  ratio  of  80  :  50  :  ^3  respectively. 

The  results  of  above  analysis  are  shown  in  figure  13. 

The  configurations  that  achieve  the  best  results  are  C  and  A  with  rather  high  reduction  ratio  in  the 
last  stage. 

The  main  advanc  'e  of  the  A  solution  is  its  typical  installation  flexibility  due  to  a  configuration 
using  bevel  gears  only. 

The  remarkable  characteristic  of  the  C  configuration  is  the  presence  of  an  internal  spur  gear.  A  ring 
gear  shows  some  advantages  referred  to  lightness,  reduced  dimensions  and  quietness,  but  there  are  some 
problems  of  vibrations  and  displacements  under  load. 

We  are  investigating  the  ring  gear  behaviour  with  theoretical  and  experimental  methods. 

Figure  1^  shows  a  ring  gear  during  a  vibration  test  carried  out  by  holographic  technique. 

Figure  15  shows  the  displacements  of  a  ring  gear  under  the  loads  due  to  the  meshing  with  two  pinions. 

The  shape  has  been  calculated  using  finite  elements  method. 

CONCLUSIONS 

The  evaluations  of  the  four  gearbox  configurations  has  been  carried  out  by  assigning  the  right  impoitance 
coefficient  to  three  appreciation  functions:  reliability,  cost  and  weight. 

These  coeffivients  take  into  account  the  different  importance  connected  to  the  functions  we  have  conside 
red.  Through  the  years  the  helicopter  evolution  has  caused  a  grv.ic  modification  of  the  importance  of  the 
gearbox  requirements.  In  the  fifties  the  weight  was  the  main  factor.  In  the  sixties  we  talked  about 
reliability  and  in  the  seventies  also  the  noise  has  assumed  a  great  importance. 

We  can  foresee  that  cost,  reliability,  safety  and  noise  will  still  be  tho  determinative  factors  for  the 
choice  of  a  gearbox  in  the  late  eighties. 

From  ’.he  results  of  our  analysis  we  can  draw  some  conclusions. 

-  In  our  range  of  reduction  ratios  the  two-stage  Sxlution  is  quite  preferable  to 
the  three-stage  solution. 

-  The  deletion  of  the  epicyclLc  train  results  in  remarkable  advantages  in  so  far 
as  weight,  cost  and  reliability  are  concerned. 

-  The  ring  gear  solution  is  quite  preferable  to  the  solution  using  external 
spur  gears. 

A  few  of  those  conclusions  are  a  matter  of  opinion  as  they  depend  upon  the  importance  given  to  the 
appreciation  functions.  During  the  design  activity,  the  imposed  function  requirements  or  some  problems 
connected  with  accessory  drive,  tail  rotor  drive  ect.  could  alter  the  above  mentioned  conclusions. 


Main  chain 
characteristics 


fnput  speed  22841  RPM 

Output  speed  265  RPM 

Number  of  stages  5 

Number  of  gears  30 

Number  of  bearings  38 
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SA  330  MAIN  QEAReOX 
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Main  chain 
characteristica 


Input  speed 

5830 

Output  speed 

349 

Number  of  stages 

2 

Number  of  gean 

9 

Number  of  bearings 

12 

SA  360  MAIN  QEAR80X 
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Input  speed  6000  RPM 

Output  speed  350  RPM 

Number  of  3 

chamcteristice  N„„ber  of  gear,  14 

Number  of  bearings  20 


SA  365  MAIN  GEARBOX 


2S-1U 


i 


USE  FUNCTIONS 


-  To  transmit  the  power  from  the 
engines  to  the  rotors 

-  To  transmit  the  reaction  torque 
from  the  main  rotor  to  the  heli¬ 
copter 

-  To  make  provision  foi'  an  ancho 
ring  for  the  servo-controls 

-  To  drive  accessories 


HELICOPTER  MAIN 
GEARBOX 


APPRECIATION  FUNCTIONS 


-  To  reduce  weight 

-  To  increase  reliability 

-  To  limit  manufacture  cost 

-  To  reduce  operating  cost 

-  To  limit  noise 

-  To  decrease  vulnerability 

-  To  increase  operating  safety 

-  To  limit  power  loss 


IMPOSED  FUNCTIONS 


-  To  satisfy  geometrical  requirements 

-  To  satisfy  functional  reqtiiremcnts 


FIGURE  5 
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SUMMARY 


Methods  using  enhanced  signal  averaging  techniques  have  been  developed  to  give  early 
warning  of  the  onset  of  a  variety  of  gearbox  failures.  Prototype  analysis  equipment  has 
been  developed  and  tested  which  will  permit  the  condition  of  components  within  helicopter 
dynamic  systems  (rotors,  gearboxes,  and  powerplants)  to  be  established. 


The  paper  describes  work  carried  out  in  the  Fleet  Air  Arm  to  develop  and  prove  the  gear¬ 
box  vibration  techniques  involved.  Arrangements  for  data  collection  in  flight  and  during 
ground  runs  are  described.  The  signal  processing  methods,  including  the  automatic  tech¬ 
niques  for  secondary  analysis  which  enable  defined  features  to  be  extracted  from  the  basic 
signatures,  are  discussed.  Examples  are  given  of  the  extent  to  which  damage  or  malfunction 
of  various  Internal  components  can  be  discerned  by  the  techniques  employed.  The  question 
of  application  to  the  widely  dispersed  fleet  of  naval  aircraft  is  considered,  and  the 
prospects  for  achieving  full  on-condition  maintenance  of  in-service  gearboxes  is  assessed. 


INTRODUCTION 


1.  The  condition  monitoring  engineer  must  have  in  his  armoury,  a  wide  variety  of  tech¬ 
niques  available  for  the  monitoring  of  rotating  assemblies.  This  paper  addresses  the  back¬ 
ground  for  Royal  Navy  operation  of  its  helicopters  and  the  role  of  vibration  health  monitor¬ 
ing  for  its  helicopter  gearboxes.  The  data  analysis  techniques  which  would  complement 
existing  monitoring  methods  are  detailed.  The  basic  premise  is  that  the  functioning  of  a 
rotating  component  can  provide  a  vibration  signature  that  is  modified  as  the  function  or 
condition  of  the  component  changes.  It  Is  the  task  of  the  chosen  signal  processing  methods 
to  extract  this  pattern  signature.  These  may  then  be  further  analysed  by  a  selection  of 
secondary  analysis  procedures  to  produce  a  series  of  numerical  values  which  are  designed 
to  act  as  automatic  fault  descriptors.  Finally  the  likely  service  application  of  vibration 
health  monitoring  for  helicopter  gearboxes  is  reviewed. 


BACKGROUND 

2.  The  Royal  Navy's  helicopter  fleet  consists  mostly  of  Westland  Lynx  and  Sea  King  (in 
ASW,  AEW  and  Commando  versions)  together  with  a  reducing  number  of  the  older  Wessex  and 
Wasp  aircraft.  At  any  one  time  more  than  half  our  active  aircraft  will  usually  be  shore- 
based  at  naval  air  stations  where  extensive  engineering  support  facilities  are  available. 

The  aircraft  at  sea  can  be  split  into  two  groups;  those  on  large  ships  such  as  the 
Invincible  class  where  engineering  support  Is  also  comprehensive,  even  if  the  facilities 
are  rathe"  cramped;  and  small  ships  which  carry  a  single  helicopter  and  are  far  less  well 
equipped.  The  military  value  of  aircraft  at  sea  is  so  great  that  it  is  difficult  nowadays 
to  imagine  any  vessel  of  frigate  size  or  larger  not  having  a  flight  deck. 

3.  Just  as  successful  aircraft  have  to  achieve  a  satisfactory  compromise  between  conflict¬ 
ing  requirements,  so  warship  designers  have  to  achieve*  a  balanced  solution  in  their  designs. 
Size  and  cost  go  up  together  and  larger  ships  must,  'ther  things  being  equal,  mean  fewer  of 
them.  The  design  of  the  new  T23  frigate  has  been  under  strict  cost  control  from  the  outset 
with  aviation  facilities  competing  with  accommodation,  magazine,  sto^'age,  weapon  and  propul¬ 
sion  systems  for  a  limited  amount  of  space.  In  single  aircraft  ships  the  space  needed  for 

a  limited  amount  of  space.  In  single  aircraft  ships  the  space  needed  for  aviation  workshops 
is  usually  not  worthwhile  because  of  the  limited  throughput  of  work  that  one  aircraft 
generates.  Generally  it  Is  better  to  carry  spares  and  to  replenish  these  when  the  ship  is 
taking  on  other  stores  -  a  fairly  frequent  occurrence.  This  not  only  saves  space  even 
though  additional  line  replaceable  units  (LRUs)  may  have  to  be  held  on  the  ships,  it  also 
economises  on  test  and  repair  equipment  and  the  highly  tr.ilned  manpower  that  would  he  needed 
to  staff  the  workshops. 


4.  When  we  compare  current  aircraft  with  those  such  as  the  EHlOl  which  will  replace  them 
in  a  few  years  time,  a  number  of  general  trends  can  be  recognised.  Firstly  In  response  to 
the  increasing  level  of  the  threat  posed  by  Warsaw  Pact  forces,  future  aircraft  are  going 
to  be  considerably  more  complex  in  terms  of  sensors  and  weapon  systems.  In  order  to  be 
able  to  respond  when  needed  they  are  also  getting  more  complex  as  vehicles,  with  extensive 
Je-ici:ig  systems,  automatic  deck  handling  and  spi'eading  arrangements,  auxiliary  power  unitr 
increased  redundancy  and  sophisticated  computer  based  systems  management.  These  advancetl 
future  aircraft  must,  for  operatioruii  reasons  achieve  higher  levels  of  availability  trier; 
their  counterparts  of  today.  They  must  also,  for  reasons  mentioned  earlier,  be  less  man¬ 
power  intensive  and  more  frugal  in  their  demands  for  storage  space  and  workshop  facilities 
in  the  siiiall  modern  warship.  Finally  these  much  more  capable  aircraft  are  very  expensive 
r.i  develop  and  produce.  In  order  to  afford  the  numbers  that  are  needed  for  operational 
reasons,  there  is  a  growing  emphasis  on  reducing  the  cost  of  ownership  to  balance,  at 
least  in  part,  ever  increasing  acquisition  costs.  Table  1  lists  some  of  our  specific 
requirements  for'  the  FillOi. 

Table  1  ARM  Requirements  for  EHIOl 


Feature 

[requirement 

Overall  availability 

87% 

Overall  Failure  rate 

1  per  20  flying  hours 

Tx  TBO 

1000  flying  hrs  within  1  year 

3000  flying  hrs  within  5  years 

Tx  MTBR 

800  flying  hrs  within  1  year 

2000  flying  hrs  within  5  years 

Scheduled  maintenance 

2.5  man  hrs/fiying  hr 

Unscheduled  maintenance 

1,0  man  hrs/flying  hr 

Component  change  time 

2  hrs  maximum 

Avionic  component  change  time 

20  minutes 

Meeting  these  requirements  implies  two  r.eparate  things:  t*:gh  component  reliability  and 
rapid  repair.  On  the  avionic  side  this  has  led  to  the  inclusion  of  sophisticated  auto¬ 
matic  built-in  test  equipment  which  will  monitor  system  performance  in  flight  and 
Identify  the  cau.ses  of  malfunctions  s^)  that  LRU  replacement  can  usually  take  place 
Immediately  the  aircraft  lands,  without  the  need  for  further  diagnosis.  On  the  mechanical 
side,  usage  monitoring  offers  the  prospect  of  extending  the  in-service  lives  of  major 
components,  and  liealth  monitoring  may  give  sufficient  advance  warning  of  trouble  so  that 
a  major  component  change  can  be  planned  in  when  convenient,  either  ashore  or  in  a  large 
ship.  Vibration  health  monitoring  offers  us  a  new  technique  to  add  tc  the  well  established 
practices  of  magnetic  plug  examination,  quantitive  debris  monitoring  and  spectrometric 
oil  analysis.  In  conjunction  with  other  techniques  VlIM  offers  the  prospect  of  moving  away 
from  fixed,  and  necessarily  very  conservative,  lives  to  a  situation  where  individual  gear¬ 
boxes  are  removed  at  the  appropri.ite  time  based  on  a  knowledge  of  the  mechanical  condition 
uf  the  particular  gearbox.  Avoiding  unnecessary  premature  remcjvals  will  increase  the 
MTBR.  Thi.s  will  produce  a  small  direct  improvement  in  overall  aircraft  availability,  a 
reduction  in  overhaul  costs  due  to  a  reduction  in  the  annual  numbe*'  of  overhauls  needed, 
and  a  reduction  in  the  number  t)f  spare  units  the  customer  needs  to  buy.  Reducing  the 
number  of  units  in  ^he  repair  loop  can  represent  large  financial  savings.  Another 
important  benefit  from  introducing  VMM  would  be,  in  the  early  life  of  a  new  aircraft,  a 
miich  more  rapid  progression  down  the  life  extension  road.  The  init.ial  overhaul  life  of 
a  new  gearh^ix,  based  on  endurance  testing  on  ground  rigs  and  oar'.y  flying,  is  normally 
quite  modest  and  commonly  represen*. abcnit  1?  months  service  use  -  say  around  300  flying 
hours.  Kx*er,slons  are  based  on  a  detailed  examination  of  3  lead  gearboxes  and  increments 
of  Ki''t-r00  flying  hours  are  typical.  With  our  modest  flying  rate  and  relatively  small 
number  uf  a^.tive  aircraft,  extensions  can  only  come  relatively  slowly.  VMM  offers  the 
pruspect  being  able  to  reduce  the  inspection  requirement  to  only  one  lead  gearbox  and 
to  move  forward  In  somewhat  larger  steps  to  the  point  where  it  is  possible  to  take  the 
final  step  '.'f  r*=*movirig  tiie  TBO  and  going  "on  condition"  for  removal. 

TFCHNrUUho 

b.  Whilst  the  major  discussion  is  to  br-  on  gears  and  the  methods  of  vibration  analysis, 
equivalent  analysis  packages  are  beuig  a.ssessed  for  rolling  element  bearings  and  helicopter 
rot'.'rs.  Briefly  the  proven  faults  rjensitivity  of  the  bearing  package  Is  at  present  limited 
*u  spalling  of  the  tracks  although  in  cer’‘r3.n  gas  turbine  applications  the  detection  of 
)il  starvation  of  the  bearing  has  been  deduce^l.  Within  the  helicopter  vibration  monitoring 
w'  rk  ♦here  has  been  an  ambitious  development  plan  to  improve  the  efficiency  of  the  fault 
diagnusis  of  the  rotor  system  wh'^re  mucti  maintenance  effort  can  be  expended.  Wtiilsl 


vibration  measurements  are  taken,  the  work  has  been  dependent  on  a  twin  'beam'  passive 
light  tracker  attached  to  the  nose  of  the  helicopter  enabling  timing  of  the  blade  tips 
passing  above.  This  is  translated  into  track  and  lag  measurements  ar.d  recent  assessment 
has  shown  a  stability  of  sensor  readout  approaching  the  as-specified  performance  even  on 
a  rev  by  rev  basis.  Evidence  is  accumulating  from  model  work,  theory  and  practice  that  by 
listing  the  track  and  vibration  figures  at  various  operating  conditions,  the  faults  are 
differently  exercised  and  are  thus  identifiable. 

6.  Vibration  spectra  from  complex  gearboxes  (Fig  1)  exhibit  many  discrete  frequency  peaks 
which  correspond  to  gear  meshing,  harmonic  modulation  and  other  effects.  It  is  the  variance 


Anplitude 


Fig  1:  Typical  Gearbox  Vibration  Spectrum 

of  the  peak  heights  which  appears  to  be  relatively  large  when  monitoring  a  gearbox  over  a 
period  of  time.  Moreover  a  spectrum  cannot  yield  diagnostic  information  on  individual 
tooth  problems.  For  these  reasons,  the  Naval  Aircraft  Materials  Laboratory  was  originally 
attracted  to  the  method  of  signal  averaging  of  vibration  data  in  order  to  describe  the 
dynamics  of  a  gear. 

7.  For  this  analysis  a  synchronised  repeating  pulse  is  derived  from  a  tachometer  or 
rotating  shaft  and  modified  such  that  it  gives  a  once  per  rev  poise  for  the  gear  under 
surveillance.  That  portion  of  the  transducer  output  waveform  pertaining  to  the  gear  Is 
assumed  identical  from  pulse  marker  to  pulse  marker  and  hence  with  numerous  summations 
the  average  response  will  represent  the  mesh  behaviour  of  the  particular  gear.  The  almost 
pictorial  representat Ion  of  the  gear  mesh  allows  an  intuitive  diagnosis  to  be  made.  Their 
origins  may  be  considered  as  from  a  pinion  rolling  along  the  rack  Fig  2a,  which  then  allows 
^he  waveform  to  be  directly  compared  to  the  teeth  of  the  rack  and  shows  how  this  signature 
is  modified  by  the  presence  of  a  number  of  faults. 
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(Fig  rb )  ;  this  produces  a  /egular  sinusoidal  waveform.  No 
s  »>vident  because  by  definition  the  teeth  are  identical  and 
i y  on  cen  t re . 
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Kigui-e  cT  Merit  hOM  1?  ■  This  FOM  is  a  rr.easure  of  the  nunber  of  zero  crossings 
the  sigr.al  average  compared  to  that  expected  of  the  gear  mesh.  The  signal  average 
!\.r  a  gear  car  depict  c'lpp  rox  imate  ly  one  half,  one  third  or  one  quarter  the  number  of 
usc 1 i iat ions  expected.  This  parametric  excitation  occurs  when  the  meshing  frequency 
ecpuals  ar.  integer  (normally  2)  times  the  natural  frequency  eg  shaft  torsional 
resonance;  then,  and  particularly  if  the  loading  is  light,  tooth  separatioti  and 
greatly  accelerated  tooth  wear  can  result. 


d.  Figure  of  Merit  FOM  4.  FOM  4  was  developed  in  order  to  create  a  level  of  greater 
sensitivity  withir.  the  FOM  analysis  method  for  impulse  quantification,  viz  tooth  break¬ 
age.  FOM  4  IS  derived  by  taking  signal  average  and  subtracting  from  it  the  expected 
and  acceptable  sinewave  components.  The  residue  should  then  describe  the  impulsive 
perturbations  within  the  signal  average,  thus  raising  the  detection  efficiency  for 
individual  tooth  faults. 


^  ^  FOM  4A  is  a  Kurtosis  judge  of  the  spikiness  of  the  residue,  indicating 
localised  tooth  faults  including  spalling. 

(2)  FOM  4B.  The  standard  deviation  of  the  residue  describes  how  well  the 
configuration  has  generated  the  reconstruction.  FOM  4B  has  been  found  u.sefui 
in  detecting  distributed  damage  and  as  support  to  FOM  4A;  for  as  the  damage 
becomes  greater  eg  occurs  on  an  increasing  number  of  teeth,  so  the  vibration 
becomes  more  random,  that  is  the  non-sinusoidal  portion  of  the  signal  average 
increases  so  the  standard  deviation  of  the  residue.  (FOM  4B)  rises. 


.  Figure  of  Merit  FOM  5.  This  latest  and  most  penetrating  parameter  enablers  a 
measure  to  be  made  automatically  of  the  impulsive  content  cf  the  signal  average. 
Af'.er  ranking  the  prir'icipal  components  of  the  signal  average,  a  decomposition  of  the 
rignal  average  into  its  impulsive  and  non  i inp'u  1  r. i v»'  components  is  achieved  by  a 
a t  1  s M c a  1  judgement,  ;.)f  the  series  of  low  pass  f..‘Kred  outputs  of  the  heterodyned 
.average/  It  has  been  found  that  FOM  5  is  a  necessary  tool  for  examining  singleton 
r:.-..jth  defect.n  in  epicyclic  gear  trains. 


THIALS 

h.  The  .'ervlce  trials  r^ought  to  demonstrate  the  feasibility  of  all  aspects  of  corid  i  t  i  (U. 

•1.' I  t  *  r' :  ng;  i'-iu  I  t  diagnt.>r>is  for  all  assemblies  of  the  helicopter.  Whilst  the  a  1  gori  thr.  s  (f 
gear  analysis  package  have  been  highlighted,  ttie  feasibility  oi  the  fittitig  of 
t  rums  rs ,  aircraft  looming  and  signal  recording  had  also  to  be  ascertained.  This  latter 
’  : .  -  ai  r'o  r'af  t  ex-'rcise  es  tab  1  i  .sited  that  the  complexity  of  the  lopn.  and  ttie  numtJv-r  of  trans¬ 
ducers  required  the  loom  to  be  a  permanent  fit,  in  the  helicopt«?r.  Three  Lynx  aircraft 
inderwent  this  first  trials  installation  with  accelerometer.?  fitted  as  fo'li^.ws:  engine-4, 
MGhB-6,  lOB-l,  TGB-1  plus  a  triaxial  accelerometer  in  the  cabin.  Fxi.m.ing  tachometer 
outputs  were  tapped  without  any  undue  difficulty.  Fcr  the  duration  of  the  field  trial 
the  primary  acce  1  e  rome  *  e  r  chosen  was  the  Bruel  and  Kjaer  iBAK)  type  4,144.  Thi.s  particular 
accelerometer  was  chosen  because  of  its  small  s-ze  (7  mm  diameter  x  I"  mm  high',  minimal 
weigtit  (2  grans),  resonant,  f re.'piency  (7^  KHz)  and  maximum  operatitig  temperature 
.•.iighai  curndition  and  recording  equipment  was  fitted  immediately  pr-ior  to  actual  t'ecording. 
The  Racal  Store  7  was  fourid  suitable  to  O'btain  .sat  i  sfac  tory  recordings  in  the  helicopter. 

Its  disadvantage  for  general  future  use  i  ;>  cost,  (£0K’  weight  46lbs  and  size  ^  x  6  x  19ins). 


1'  .  A  Sea  King  t  ransm  i  ss  i  or.  and  trial  was  proposed  as  a  follow-up  tc  the  afore- 

menti'cied  Ly.nx  work.  Thf>  clianges  incorporated  were  cheaper  transducers,  more  robust, 
connec  to  r.s .  transducer  si:»^:',  un.likely  to  be  disturbed  by  any  anticipated  servicing,  .  nd 
'he  utiliruition  i,) f  an  alreuw  installed  t.igh  quality  airborne  tape  recorder.  At  present 
the  t  ran.srn  i  ss  1 -..tp,  monitr.ring  lur'  cf  » he  exercise  i  .s  underway:  the  f.^tor  motii  tc.'ring 
awaits  the  availability  of  .'.uiiable  track  sensors  by  the  manufac  t  urer . 


11.  The  c ‘SI  f  1  denoe  to  monif-'r  :  h(‘  epi.iyclic  gearing  in  the  Pea  King  mri'n  rotor  gearbox 
{MR'iB-  came  a  f  ^  r  a  seri»^s  ...  f  t^sts  with  d*'rec*‘S  seeded  into  Itie  epicycliC  gear?  -..f  the 
gearbox  r,r  •  n»  RAF  Farr;bcr.>ugh  MHGP  ^►‘st  rig.  This  prc'ved  invaluable  in  extending 
the  hi'tier*  fixed  axis  gearing  sigrial  averaging  rules  tr,  epicyclic  gearing.  Ttie 
epicyclic  gear  signature?  teiid  *  o  .ack  repeatability  of  the  .signal  averago  t'ecause  of 
'hp  uncertain  spatial  re  I  a  t  i  cnsti  ip  between  transducer,  gears,  and  faults.  Lt  is  nec'jssary 
at  a  tiumber  '.d'  i  n  iepHp.  d‘^r.  t  .averages  of  relatively  short  duration  arsi  then  assess 
»>acti  F'hM  par.i.me'er  rr'.;m  pr->tjuced  f mm  th**  averages.  That  is  using  the  FOM  to  view 

.•cries  ...'f  ’  srapshotr- '  .ifri  assess  th*-'  mul'ip',*.*  sequenti.al  sign.al  averages  with  their 
varying  .l»=gr--'e  f  faul'.  vi.itiiity.  The  pti-riurr.  M'aiisducor  sit*-;;  for  gear  damage  were 
-  ;  ■  ah  i  i  o,v.-.  ;  r\:\  hf’ing  '  r.a  rir.g  g‘'3r  ‘-r  suri  and  pi. met  dam.ig'^  t^u*  .  f‘..r  ^  he  ring  gear 

I’seif.  .i  m*-*  .iin'ar,  "  ,iw  ly  c.l  lyirig  -i.;  r.eai'  tr.e  g'^arbox  -  en’i'e  iir.e  :is  possible. 
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Pi-.j.  io.  Tooth  s^aciaj  error  <k-U,  t=Ol 
mesh  transfer  function  ma.jnL- 
tude  tor  a  bO  totjth  helical  gear 
with  =  3.ly  and  y^.  =  l.«19. 


ROTa^CNA^.  HARMONIC  N  jMet^  i  n  ' 

Pig.  ll.  Involute  slope  deviation  (k=0, 

1=1)  mesh  transfer  tunction  magni¬ 
tude  tor  a  SO  tooth  helical  year 
with  y^  =  3.ly  and  =  1.819. 


Fij.  12.  I.ead  mismatch  deviation  (k=l, 
1=0)  mesh  transter  tuner  ion 
majnitude  tor  a  SO  to‘>rh 
helical  gear  with  y^  =  J.IM 
and  y^  =  1.819. 


Kig,  13.  Involute  fullness  deviation  (k=0. 
1=2)  mesh  transter  function 
magnitude  for  a  SO  tootn 
helical  year  with  y^  =  3.19 
and  0*.  ®  1.819. 


(2)  the  magnitudes  ot  all  other  mesh  transter  functions  are  small  in  comparison 
with  unity  in  the  regmn  of  the  first  tew  rotational  harmonics 


(3)  the  mesh  transfer  tunction  for  to<^t  h-spac  i  ng  errors  (k  =  0,  t  =  0  (Pig.  10)1 

)i  1  nulls  at  ttie  rotati'inal  ha rmon i <.;s  n  =  pN  p  =  0rlr2^...  which  are  the 

I'’  i^ions  of  the  tooth-meshing  harmi^nics;  moreover,  these  nulls  are  not 
infinitely  sfiarp 


(4)  the  other  mesn  trinsfer  functions  (k  and  t  not  both  zero)  generally  do  not 
have  nulls  in  the  n»?  i ghhorhoods  of  the  tooth-meshing  harmonics 

IS)  when  plotted  on  log-l>i'j  coordinates,  the  envelopes  the  magnitudes  of  all 
mesh  transfer  functions  have  an  asymptotic  slope  ot  -12  dB  per  octave  in  the 
large  harmonic  number  re.gion  in  the  case  of  helical  years  and  -6  dB  per  octave 
in  the  large  harmonic  number  region  in  the  case  of  spur  gears. 

Figure  14  shows  the  mesh  transfer  tuncti‘)n  t«')r  tOJ>th-spac  i  ng  errors  (k  =  U, 

t  =  0)  f<jr  a  spur  gear  with  =  50  teeth  and  a  transverse  contact  ratio  y.  =  1.819 

which  was  comput*:*<l  using  Pg .  <l09i  of  reference  2.  Comparison  of  Figs.  10  and  i4 
illustrates  the  ■litferent  asymptotic  slopes  ot  -12  dB  and  -6  dB  per  octave, 
respectively,  uf  the  mesti  transter  functions  ot  helical  gears  and  spur  gears. 


To  illustrate  the  attenuating  effect  of  the  mesh  transfer  tunction  in  the  case  ot  a 
particular  term  in  Kg.  (23),  the  t nut h-spac i ng  error  spectrum  (k  =  0,  1=0)  shown  in 
Pig.  9  is  plotted  on  a  logarithmi  ■  treiguency  axis  in  F  g.  15.  In  Fig,  9,  the  lines 
representing  the  -liscrete  harmonics  are  shown;  however,  in  Fig.  15  only  the  enveio^ie 
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where  the  soc;>n.1  ojuality  tOlLows  by  sottinj  a  =  pN^**  in  Eq.  (18).  All  other 
rotjti  in.il  h3rm')nics  (i.e.,  except  those  occurrihj  at  the  tooth-meshiny  harmonics  n  = 

pN'  */  p  =  0,±1,  ±2i...l  arise  t  r.jfn  the  con  t  r  Uiut  i<jns 
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that  i-  iTie  about  t  r->m  oeviati  ons  ot  the  inaivi-Jual  t  )olh  surtaces  t  rom  tlie  mean  tooth 

s.irtai-c  wfniise  expansion  coe  1 1 1  c  lent  s  are  a^*’  -  see  Ey,  21a.  All  of  the  harmonics  sliown 

(  • )  ^ 

in  t' 1  j .  arise  trom  such  devlatitans  n  qq  . 


7.  THE  ATTENUATING  EEKECTS  OK  MULTIPLE  TOOTH  CONTACT 

The  tooth  ‘’error"  spectra  ar  their  one-side-l  counterparts,  such  as  that 

displayed  in  Kig.  y,  contain  none  of  tlie  ottects  ot  the  sinoothinj  action  of  the  multiple 
tooth  contact  illustrated  in  Fiy.  2.  In  reterences  l-i,  it  is  shown  that  these 
smoothing  ettects  can  l5e  rigorously  taken  into  acbnitii  l>y  mu  1 1  i  p*  I  y  i  ng  eucli  tootli  error 

spectrum  by  an  appropriate  mesh  transter  function  n n  *  ’  *  4  )  tliit  is  a 

function  of  the  design  parameters  of  the  mesh.  I'ho  Fourier  series  coetticiems  of  the 

;c)n  t  r  i  bij  1 1  on  ot  the  devivitioris  ot  ttie  t>ot)i  surlaces  ot  gear  (.)  trom  perfect 

involute  surfaces  are  then  obtained  (1-31  by  summ^^ion  ot  the  mesh-at f enuat.od  error 
St.<e'.'t  r -I  .wer  all  err^ir  types  kl  -  i.e., 


Jn/\  4), 


n 


(),±}  .±2.  .  .  . 


(2.3) 


whefi.*  t.  [le  r3,^’^(n)'  ari*  tfie  error  sp».'ctra  di'tiried  by  Kg. 
Ki.iurier  series  c:oe  1 1  i  i.' i  en  t  s  ot  the  i.-on  t.  r  i  hu  t,  i  on  '(x) 
error,  (•)  =  '1;  nr  (2)  i.s  in  Kg.  (4),  ari.sing  from  t))e 
je.ir  (  ■)  t.  r  im  pertect  inv',>lute  suriac«/s.  Ihes*.*  t  >-.i[  ler 

[  I  -  i  1  in  t e  rms  u t  ( x )  by 


(IS)  and  t)ie  .are  the 

n 

to  the  static  transmission 
deviations  ot  t)ie  teeth  >1 
s.-*t  i‘*s  coe r  t  i  ■' 1  en t s  are  detine<l 


•  1  4  _l 

V, 


(  24  ) 


rth-")  tne  tooth  pair  st.ittrvov:.  iH,*r  uiiir  lengf'i  of  line  of  conta(.:t  is  I'lsiifned  to  be  a 
■•’ns^ant,  th-?  mesfi  transter  tunctmnv  can  be  evaluated  tor  helical  and  S[)ur 

p’lrs,  respt*,,- 1 1 V*  I  y  ,  using  Kgs.  lOoi  and  (lldi  i,d  ro/feronce  2.  K-.ir  given  values  of  k 
and  i,  irxi  i  jiven  nnmtier  nt  f-.-ntn  N*  Ml-.*  mesti  transfer  tun.'ti-in  4»  (n/N^**A)  depen^ls 

m  >n  1  y  two  j-'k  d-.'Sijn  p.iramet'Ts ,  i  lie  ?xii!  and  fransvernt»  (ointae-t  ratios  0^  and  Of. 

A;  we  nivo  ment  lone.l  ••■urli-T  in  t!e>  .iper,  •  ne  spe-iru  h,'  *  N  n )  '  in  Kcj.  (25)  contain 
f  h>  ro*  jii  1  r».-')  des  ri,)iioti  ot  tin*  devi  itiotis  't  the  unlivi  (lal  .gear  teetfi  trom  perfect 
I'volnro  suttices,  .ml  the  mesh  trinsf.-r  t  ]jn<- 1  i -in-S  ^  t  n  ,'N  '  * '  M  in  Kg.  (2i)  describe  tfie 
'■M-’Os  ot  the  smoothi/ig  -jction  i>t  melfiple  to->t)i  I’ont.act  on  the  "error"  spectra 

(n)’.  .sirme  the  behavior  of  f  tie  mesfi  transf-o  I  uti«-t  ions  is  controlled  by  the  <goar 

l^'Sl  in  param'-t.-rs  ,  and  N'  i  h-‘  1 1,  t  enua  t  j  n  g  effects  on  Ifie  error  spectra  ot 

lirt‘‘r‘eit  je.it  oesh  h'Signs  .-an  a.-*  st  idi--l  usui,  f  fi**  mesli  transfer  functions  vndepen- 
t-ei'-iy  of  lie*  atual  majnit  lU-s  of  the  rje/i.itions  **  i  fie  tooth  surfaces  trom  perfect 

in.'  1  i  ip  e  sa  r  t  -tees  . 


t  l  j  a  re  s  L  u  t  n  T'  )•!  ;  h  ;  ) 

•  "'h'  It  e  ]  Sy  K  }  .  (  Un  )  't  ret 


ispl.iy  the  absolute  values  of  t  lie  mesfi  transter  functions 
rence  2  for  f  fe«  ditfeiomf  el«?menlary  error  types  described 


' lanle  I  t  the  <  j '.e  ,it  a  heli  al  geai-  w  i  f.  n  ^  *jU  leet.h  and  axial  arid  transveose 

rati  IS  )t  -  i .  la  and  =  l.Hlh,  respectively.  Certain  features  of  th4'se 

o.‘  m  ?ranster  t  kh  ’  ions,  vhi  h  ate  .  onmon  r.o  all  nesfi  lransti?r  lunct  ions,  are  worlliy  of 
e-g-hVMS  l.>,  ii  : 


Vie  ne-.h  rrinsfer  fiinciio''.  t  ,t  f  o;  ,t  n- j>.ie  j  n  j  ♦>rrors  [k  =0,  t  -  ■)  (Ki.g.  I'M] 
1-  'v  1 If '>  !  y  j-vfy  )n  t  le^-jorj  >t  the  first  f  ,,.w  r-ifarional  ha  riTum  i  s 


The  lower  ot  Fiy.  8  displays  a  set  ot  such  accumulated  tooth-soaciny  error 

measurements.  Fijure  8  is  a  computer  plot  of  an  original  set  of  accumulated  tooth- 
spactny  error  measurements  mc^dified  by  (a)  removal  ot  the  overall  slope  which  represents 
an  instrumentation  bias  error  in  the  measurements,  and  (b)  removal  ot  the  mean  value 
which  represents  an  irrelevant  riyid  body  rotation  of  the  year  being  measured.  The 
abscissa  in  Fiy.  8  is  tooth  number  and  the  ordinate  of  the  lower  curve  is  the 
accumulated  tooth-spac i ny  error  corrected  as  in  (a)  and  (b)  above,  and  measured  in  micro 


meters.  This  lower  curve  is  c 


(  1) 


The  magnitude  of  the  maximum  accumulated  tooth- 


spaciny  error  of  approximately  Bum  tor  this  particular  year  occurs  on  tooth  number  32. 
The  upper  curve  in  Fiy.  8  displays  the  ditterences  in  accumulated  error  between  adjacent 


teeth.  Gear  (1),  whose  errors  are  displayed  in  Fig. 


has  ^  ^  =  50  teeth. 


y.'  40 

tooth  NuMBFR  I  I  'i 


o  ' '  • 


"> 


'0  . . ’ . . . . . 0 

bO  0  50  '00 

rotational  harmonic  number 'm 


Fly.  8.  Accumulated  tooth  spacing  error 
coefficients  i=0) 

for  a  50  tooth  year. 


Fiy.  9.  Tooth  spacing  error  spectrum 
1  (k  =  0»t  =  0)  tor  a 
50  tooth  gear. 


Figure  9  is  a  plot  of  the  square-root  of  the  one-sided  discrete  tooth-spacing  error 
spectrum 


'  1) ,  ,  A 


.(  I  ) 


( n )  ' 


(19) 


where  is  defined  by  Fg ,  (18)  tor  K  =  t)  and  t  =  0  from  the  ac;umulated  tooth¬ 
spacing  error  sequence  J  “  0,1,...,  49  shown  in  Fiy.  8.  The  abscissa  in  Fig.  9 

is  rotational  harmonic  number  n  and  the  ordinate  is  the  rms  harmonic  amplitude  measured 
in  micro  meters.  Notice  that  the  spectrum  shown  in  Fig.  9  is  periodic  in  harmonic 


number  with  the  period  being  e-^uai  to  the  number  of  teeth  N 


notice  the  symmetry  about  the  harmonic  number  position  n  =  n'  /2.  Thus,  the  strong 


(  I  ) 
i\)  , 


50  on  the  gear.  Also 


I  > 


I  ) 


[  1 ) 


rotational  harmonics  in  the  neighborhoods  ot  n  =  n'‘',  n  =  2N'‘',  n  =  3N  etc. 

contribute  to  the  so-called  si<Jeban<1s  in  the  neighborhoods  of  the  tooth-meshing 
harmonics,  which  are  located  at  rotational  harmonic  numbers  that  ire  integral  multiples 
of  the  number  of  teeth  on  the  ijear.  There  is  no  contribution  to  the  spectrum  shown  in 

Fig.  9  at  the  positions  these  tofith  meshing  harmonics  -  i.e.,  at  n  =  n  = 

etc.  -  because  the  mean  value  of  the  at:cumulated  error  chart  shown  in  Fig.  8  (which 
represents  a  rigid  bofty  rotation)  has  been  rem<jved. 

Plots  of  the  squaro-riiot  s  of  the  discrete  i-)nc-sided  spectra. 


/  n  )  ' 


whe  r>* 

ex.--pf 

•  )  t  t 


k  and  t  ar».'  not  r)t)th  ^ero,  have  the  same  general 
t.tiat,  tor  k  an<l  t  not  iirjth  zero,  contributions 

t  >ot  h  -  m*-»  s  h  1  n  g  hri  r  mon  i  -  :  s  n  =  N  ^  \  n  =  2  N  '  ^  ,  n 
from  t  h'-*  o  xpa  ns  I  sn  r  o.  ■  f  f  i 1 1  s  a  ^  ^  ol  ’  mean 

1 .  ,  I  ,  1 1  ‘ 


properties  as  shown  in  Fig.  9 
will  be  present  at  the  lo.Mtions 

-  3N^*^,  etc.  These  con  t  r  il>ut  i  ons 
‘>r  average  tooth  surface  on  the 


1  r  1 
i  r 


M)-6 


Equation  (12)  can  be  interpreted  as  an  expansion  of  the  tooth-sur tace  deviation 
n|l^^{y,z)  in  a  canonical  set  [3]  of  elementary  errors 

=  [(2ktl)(2l+l)  P|^(2y/F)Pj{2z/D)  .  (17) 

Each  elementary  error  is  designated  by  a  pair  of  nonnegative  integer  indices  k,t  where 
index  k  is  associated  with  the  lead  (axial)  direction  and  index  t  is  associated  with  the 
profile  (radial)  direction.  From  the  definition  (15)  of  the  Legendre  polynomials,  we 
see  that  the  low-order  elementary  errors  possess  the  simple  interpretations  shown  in 
Table  1  (3).  Figure  7  illustrates  the  terms  k  =  0,  t  =  0,1, 2, 3  and  t  =  0,  k  =  0,1,2. 
Thus,  the  normalized  Legendre  polynomials  provide  us  with  a  convenient  mathematical  tool 
for  representing  tooth  errors  in  a  form  closely  allied  with  current  gearing  industry 
practice. 


Table  1.  Elementary  Error  Classi f icat  ions  [3]. 


k  =  0,  t  =  0  tooth-spacing  deviations 

k  =  0,  t  =  I  pure  involute  slope  deviations 

k  =  1,  t  =»  0  pure  lead  mismatch  deviations 

k  =  0,  1=2  pure  involute  fullness  deviations 

k  =  I,  1=1  combined  lead  mi smatch- i nvo lute 

slope  deviations 

k  »  2,  1=0  pure  lead  crowning  deviations. 


For  each  fixed  error  component  kl,  we 
now  consider  the  behavior  of  the  expansion 


/ 


coet  t icients  c 


(  •) 


function  of 

-I 


tooth 

) 


number  j,  j  =  0,1, -1  where  n 
IS  the  number  of  teeth  on  the  gear  under 
consideration.  To  obtain  a  description  of 
the  behavior  of  error  type  kt  in  the 
frequency  domain,  an  analysis  too  involved 
[1-31  to  be  included  here  shows  that  the 
«Jiscrete  Fourier  transform  of  the  sequence 

of  coefficients  j  =  0,1,..., 

is  required,  wher^'tnis  transform  is  taken 
with  respect  to  tooth  number  js 


I 

J 


^ -  1 

I 

j=0 


)  -i2irnj/N 

k  t 


(3»^  •  II 
'4  IS,)  3it 


Fig.  7. 


Interpretat  i<3n  of  elementary  errors 
derived  from  tiie  Legendre 
Polynomials  P^(x),  n=0,l,2,...  . 


(  •) 


n  =  0,il,±2,  .  .  . 


Harmonic  number  n  counts  the  rotational  harmonics  of  gear  (»). 


(  IB) 


For  each  error  type  ki,  the  liiscrete  spectrum  char¬ 

acterizes  fijf  gear  («)  the  sequence  i)t  expansion  coefficients  c^*^.,  i  =  0,1,... 

(  . )  ) ,  k  1 

N  -1  in  the  frequency  domain.  The  set  of  all  such  sequences  (tor  all  elementary  error 
types  kl)  Completely  character  i  zes  in  the  frequency  cj<)ma  i  n  t)ie  ileviations  fr'^m  ptjrlect 
involute  surfaces  ')f  all  teeth  of  gear  (  •). 


6.  THE  ERROR  SPECTRUM  FOR  TOOTH-SPACING  F.RRORS 

Frcm  Eqs.  (15)  and  (17),  we  can  see  that  for  k  =  0  and  t  =  0,  we  have 

1.  Thus,  the  elementary  error  qiven  by  Eq.  (17)  f>r  k  ^  0,  (  =  0  is 
readily  interpreted  as  a  pure  tooth-spacing  error  -  as  is  illustrated  in  Fig.  7.  Since 
^  ^  expansion  coetticient  c  ^  *  J,  ^  in  Kq,  (12)  measures  the  ictual  vUu.- 

of  the  ( accumu  lat  ed )  t  o<>t  h-spac  i  ng  error  of  tooth  j  of  gear  (•),  an«l  tor  k  =  b, 

1  =  0  Hqp  (n)'  descrities  in  the  frequency  domain  the  tooth-spacing  err-jts  of  all  h 

on  gear  (  • )  . 


For  the  purpose  of  illustratinj  a  se-.juence  of 
associated  error  spectrum  h^’*(n}',  let  us  assume 
a>.o'i]fnu  lat  ed  t  oo  t  h-spac  i  ng  error  measirements  made 
sequence  faot  h-spac  i  nq  expansion  co,!  f  f  i  <' i  ^n  t  s  c 

assumption  would  be  valid  if  all  tootti  surfaces  on 
identi:al  except  for  tooth-spac i n j  errors. 


expansion  coe  i  t  i  ■'  i  ent  s 


,(  •  ) 


'  J  ,kt 

now  that  an  ordinary  sot  ot 


with 
(  •) 


I  point  prob,?  measures  t)io 

)  =  0,1,...,  ^ - 1 .  I n  i s 


the  gear  being  measured  were 


t  he 


S.  DECOMPOSITION  OF  TOOTH  SURFACE 

DEVIATIONS  INTO  ELEMENTARY  "ERRORS" 

AND  THEIR  SPECTRA 

We  turn  now  to  prediction  ot  the 
static  transmission  error  contributions 

and  in  Eq.  (4)  arising 

from  the  deviations  ot  the  individual 
tooth  surfaces  of  gears  (1)  and  (2)  from 
perfect  uniformly  spaced  involute  surf¬ 
aces,  Since,  as  the  gears  rotate,  every 
point  on  the  running  surface  of  every 
tooth  on  a  gear  comes  into  contact  with 
the  teeth  of  the  mating  gear  (see  Eig. 

3),  it  follows  that  prediction  of  the  ex¬ 
citation  spectrum  arising  from  a  gear 
requires,  in  principle,  a  description  ot 
the  entire  running  surface  of  every  tooth 
on  that  gear.  The  analysis  ot  the 
effects  of  the  deviations  of  the  indi¬ 
vidual  tooth  surfaces  from  perfect 
uniformly  spaced  involute  surfaces  is 
greatly  simplified  (1-31  hy  decomposing 
these  deviations  into  elementary  "errors." 

Let  denote  the  deviation 

of  the  running  surface  of  tooth  j  of  gear 
(•),  (  •)  *  (1)  or  (2)  as  appropriate, 
measured  as  a  function  of  the  Cartesian 
coordinates  y,z  illustrated  in  Fig.  6. 

Such  deviations  ace  "measured"  in  a 
direction  defined  by  the  intersection  ot 
the  plane  of  contact  and  a  plane  normal 
to  the  gear  axes.  An  arbitrary  "deviation 

surface"  rii*^(y*z)  can  be  expanded  {2,3| 
in  a  complete  set  of  two-dimensional 
Legendre  polynomials 


lO 


ic  ' 


IC" 


Fig.  5. 


Fig.  6 . 


0 


(  •) 
Cj 


(y»z> 


I 

n=o 


I 

1=0 


( • 


\  2  4  8 

tooth-meshing  harmonic  number  (i  ) 

Normalized  contribution  to  static 
transmission  error  spectrum  from 
elastic  tooth  deformations  of  a 
spur  gear  pair. 


Coordinate  system  used 
tion  of  tooth  surface 


»2)  . 


for  descri 
deviations 


P- 


(12) 


where  the 

normalized  Legendre  polynomials  ^nd  defined  [2,31  as 

1  ^  (2k»l|‘^2  P3^(2y/r),  -  (F/2l<y<(K/2) 

(13) 

)  ^  (2U1)*'^^  Pj(2z/D),  -  (D/2)<z<(D/2) 

(  M) 

where  the 

functions  Ppj(x)  are  the  usual  Legendre  polynomials: 

P(|(X) 

=  1 

Pl(x) 

=  X 

( lb) 

Pz<xl 

=  3x2-1  ) 

P3(X| 

=  5X  JX) 

and  where  the  expansion  coefficients 
deviations  n^.j*(y,z)  by  [2,3] 


(12)  are  determined  from  the  surface 


c 


(  ') 

j,kl 


1 

W 


D/2  F/2 

/ 

-D/2  -F/2 


^  ’  ♦yx'y  ’  (ly  dz  . 


(  16) 


the  average  number  ot 
a  plane  cut  normal  to 
and  Ot  lb  Eqs.  (8)  and 
metrical  properties  of 


teeth  simultaneously 
the  year  axes  )  .  The 
(9)  are  defined  in 
the  raeshiny  action. 


in  contact  in 
parameters  F, 
Fig.  2.  These 


the  transverse  plane  (which  is 
L,  A,  and  A  used  to  define  0^ 
parameters  determine  the  geo- 


I£  either  the  axial  or  transverse 
contact  ratio  0^  =  FL/AA  or  Qt  *  L./A, 
respectively,  is  an  integer,  it  follows 
from  Eqs.  (6b)  and  ( 6d )  that  we  have 
“  0,  p  =  ±1,±2,...  .  This 
benavior  is  readily  understood  with  the 
aid  of  fig.  4  which  shows  for  the  cases 
0  =  FL/AA  =  3  and  0  =  L/A  =  2  the  zone 

of  contact  first  intt^oduced  in  Fig.  2. 
Careful  examination  of  both  sketches  in 
Fig.  4  shows  that,  in  each  case,  the  total 
length  ot  line  of  contact  in  each  zone  of 
contact  will  remain  fixed  as  the  years 
rotate  and  the  lines  of  contact  move 
through  the  zone  of  contact.  Since  the 
total  mesh  stiffness  Kj(x)  in  Eq,  (5) 
has  been  assumed  to  be  proportional  to 
the  total  length  of  line  of  contact, 
which  is  a  constant  if  either  Qa  or 
is  an  integer,  we  can  see  from  Eq.  (5) 
that  z  (x)  must  be  a  constant  in  these 
situations  when  W  is  constant.  The  be¬ 
havior  of  Eqs.  (6b)  and  (6d)  is  consist¬ 
ent  with  this  observation. 


Fig,  4,  Integral  axial  and  transverse 
contact  ratios. 


In  the  case  of  real  gears,  the  stiffness  per  unit  length  ot  line  of  contact  is  not 
exactly  constant  and  the  actual  zone  of  contact  is  not  the  perfect  rectangle  shown  in 
Figs.  2  and  4.  Thus,  Integer  axial  or  transverse  contact  ratios  will  not  entirely 
eliminate  fluctuations  in  the  elastic  deformation  component  Cy^(x)  of  the  static 
transmission  error.  Nevertheless,  this  basic  idea  undoubtedly  has  merit  (8). 


Equations  (6D)  and  ( 6d )  illustrate  another  important  result.  It  we  examine  the 
envelopes  of  the  maxima  of  the  magnitudes  of  the  right-hand  sides  of  Eqs.  (6b)  and  (6d) 
which  ace  the  loci  of  points  where  |  sin(  pirFL/AA)  |  =  I  and  |sin(p*L/A)(  *  1,  then  we  have 
for  helical  gears 


wp|env  -  p 
T 


(  10a) 


and  for  spur  gears 


wp 1 env 


(  10b) 


where  subscript  "env"  denotes  envelope  and  tne  detinitions  of  and  given  by  Eqs. 

(8)  and  (9)  have  been  used.  It  follows  (2,3)  from  Eqs,  (10a)  and  (10b)  that  the 
envelope  of  the  static  transmission  error  spectrum  contribution  from  the  elastic 
iJeformation  component  depends  only  on  a  single  mesh  geometry  design  paiameter,  which  in 
the  case  ot  helical  gears  is  the  product  ot  the  axial  and  transverse  contact  ratios 
y^y^.,  and  in  the  case  of  spur  gears  is  the  transverse  contact  ratio.  Of  This  important 
single  parameter  has  been  named  (31  the  "aggregate  contact  ratio,"  ACK: 


ACH  =  0  y  =  ^  ^  ,  tor  helical  years  (lla) 

at  A  A  A 

^  0^  =  ^  ,  for  spur  gears  ,  (lib) 

Equations  (10a)  and  (lOb)  also  show  that  the  envelope  ot  the  c >nt r i but ic>n  ot 
the  static  transmission  error  spectrum  arising  from  elastic  deformation  decays 
with  tooth-meshing  harmonic  number  p  as  p— ^  in  the  case  of  helical  gears  and  as 
p- *  in  the  case  of  spur  gears.  This  behavior  implies  that  the  envelope  of  the 
spectrum  ot  this  component  decreases  with  increasing  harmonic  number  at  a  "rate"  of 
13  dB  per  octave  in  the  case  ot  helical  years  and  6  dB  per  octave  in  the  case  ot 
spur  gears. 


Figure  5  is  a  log-log  plot  of  the  elastic  deformation  component  normalized  rms 


harmonic  amplitudes  /2  |  l/lWp/K^)  computed  from  Eq,  { 6d )  for  a 

transverse  contact  ratio  y^_  =  1.819.  The  figure  shows  the  linear 
of  the  line  spectrum  with  increasing  harmonic  number,  which  falls 
dB  per  octave,  as  we  have  mentioned  above. 


spur  gear  pair  with 

decay  ot  the  envelope 
off  at  the  rate  of  6 


-  e 


„(2)  J2) 


which  is  c(5mmon  to  both  years.  The  coordinate  x  is  the  independent  variable  used  in  our 
description  of  the  static  transmission  error  -  i.e,, 


c{x)  =  ^^(x)  *  t*'’(x)  +  C 


.(2), 


(4) 


which  is  the  same  as  Eq.  (2)  except  that  in  Eq.  (4)  the  static  transmission  error 
components  are  expressed  as  functions  of  the  independent  variable  x  defined  by  Eq.  (3), 

4.  ELASTIC  DEFORMATION  COMPONENT  OP  THE  STATIC  TRANSMISSION  ERROR 

If  the  instantaneous  total  stiffness  of  all  meshing  teeth  of  a  gear  pair  is  denoted 
by  K-j.(x),  then  the  component  the  static  transmission  error  arising  from  elastic 

deformation  of  the  teeth  and  year  bodies  of  both  years  of  the  meshing  pair  can  be 
expressed  [1]  as 


(5) 


where  W  is  the  total  loading  carried  by  the  mesh  as  illustrated  in  Fig. 


transfer  function  techniques 


1.  since  we  use 
require  the 


our  structural  response  calculations,  we 

frequency  domain  representation  of  -  i.e.,  its  Fourier  series  coefficients.  If  we 

assume  (i)  that  W  is  a  constant  (independent  of  time)  and  (ii)  that  the  tooth  pair 
stiffness  per  unit  length  of  line  of  contact  is  a  constant  (independent  of  the  position 
of  the  line  of  contact  on  the  tooth  faces  -  see  Fig.  3)  then  the  Fourier  series 
coefficients  of  c  (x)  are  given  approximately  (2,3]  for  helical  gears  by 


(6a} 


wp 


sin(ptFL/A4)  sin(pffL/A) 


p  irFL/ AA 


p  nL/  A 


p  *  0 


(6b) 


and  for  spur  gears  by 
Wn 


(  6c) 


sin(pifL/A) 
p  nL/  A 


p  *  0 


(  6d) 


harmonic  number.  The  Fourier  series  coefficients  exhibited  by  Eqs.  {6a)  ~  (6d)  are 
defined  (1)  by 


wp 


V2 


-A/2 


,  ,  -t2ifpx/A  . 

C  (x)e  dx  , 


(7) 


where  A  is  the  tooth  spacing  interval  in  the  plane  of  contact  as  illustrated  in  Fig.  2. 
In  addition  to  Wq  and  p,  Eqs.  (6a)  -  { 6d )  contain  the  parameters 


0  = 


A  FJ. 


(8) 


A  k 

A 


(9) 


The  parameter  k  is  the  average  total  mesh  stiffness,  as  one  might  ascertain  from  the  dc 
Fourier  series  coefficients  given  by  Eqs.  (6a)  and  (6c).  The  two  other  parameters  0^ 
and  Of.,  defined  by  Eqs.  (8)  and  (9),  are  the  axial  and  transverse  contact  ratios:  0^  is 
f:he  average  number  of  teeth  simultaneously  in  contact  in  an  axial  direction,  and  0^^  is 


mission  error  is  such  that  changes  in 
the  tooth  surtaces  of  gears  (1)  or  (2) 
that  are  "equivalent"  to  removal  of 
material  from  perfect  involute  surfaces 
give  rise  to  positive  increments  in  the 
static  transmission  error  i^. 

Since  the  static  transmission  error 
arises  from  elastic  deformations  of  the 
teeth  and  gear  bodies  and  from  geometric 
deviations  ot  the  running  surfaces  of 
both  gears  (1)  and  (2)  of  a  meshing  pair, 
it  is  not  surprising  that  the  static 
transmission  error  can  be  decomposed 
(1-3)  into  three  additive  components, 


where  c  is  the  component  arising  from 
the  (loading  dependent)  elastic  deforma¬ 
tions  of  both  years  and  and  are 

the  components  arising  from  the  geometric 
deviations  of  the  running  surfaces  of 
gears  (1)  and  (2),  respectively,  from 
perfect  uniformly  spaced  involute 
surfaces. 


Base  Cylinder 


Plane  of  Contact 


Base  Cylinder 


Fig.  1.  Definition  of  static  transmission 


3.  GEAR  MESHING  GBUMBTRY 

The  geometry  of  the  temporally  changing  lines  of  contact  between  gear  teeth  is  very 
important  for  both  the  physical  and  mathematical  understanding  of  the  vibratory  excita¬ 
tion  of  gear  systems.  This  geometry  is  illustrated  in  Fig.  2.  In  the  upper  portion  of 
Fig.  2f  the  lines  of  contact  are  drawn  on  a  fictitious  belt  that  rides  between  the  base 
cylinders  of  the  two  meshing  helical  gears.  These  lines  ot  contact  are  drawn  solid 
within  the  rectangular  region  (zone  of  contact)  where  the  tooth  contact  actually  takes 
place;  they  are  drawn  dashed  elsewhere.  As  the  years  rotate,  the  fictitious  belt  moves 
through  the  rectangular  zone  of  contact  shown  in  the  figure,  and  the  individual  lines  ot 
contact  drawn  on  this  belt  move  through  the  fixed  zone  of  contact.  The  geometry 
illustrated  in  Fig.  2  is  an  exact  representation  of  the  behavior  of  the  lines  of  contact 
of  perfect  involute  helical  gears. 


Fig.  2.  Lines  ot  contact  anil  zone  of  Fig.  3.  Line  of  contact  on  tooth  face, 

contact  in  plane  of  contact. 

The  line  of  contact  on  a  particular  toc^th  is  shown  drawn  on  that  tooth  in  the 
sketch  in  the  upper  right-hand  corner  of  Fig,  3.  As  the  two  gears  rotate,  thi  .  line  of 
contact  sweeps  across  the  tooth  surface  -  always  remaining  at  the  constant  angle  0 
shown  in  Fi'j.  )  as  it  moves  across  the  tooth  surface. 

Returning  tf>  Figs.  I  and  2,  we  can  see  that  the  lineal  position  x  of  the  center  of 
the  zone  of  contact  measured  from  the  tooth  numbered  )  *  0  can  be  expressed  Ii-3J  as 
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SUMMARY 

Each  pair  of  meshing  gears  in  a  transmission  gives  rise  to  a  source  of  vibratory 
excitation  that  can  result  in  the  radiation  of  sound.  Each  such  source  is  most 
conveniently  characterized  as  a  displacement  form  of  excitation  generally  referred  to  as 
the  static  transmission  error  of  the  gear  pair.  Contributions  to  the  frequency  spectrum 
of  the  static  transmission  error  of  spur  and  helical  gears  arising  from  tooth  and  year 
body  elastic  deformations  and  from  deviations  of  tooth  surfaces  from  perfect  involute 
surfaces  are  considered.  Tooth  surface  deviations  are  decomposed  into  contributions 
giving  rise  to  tooth  meshing  harmonic  excitations  and  rotational  harmonic  or  sideband 
excitations.  Various  types  of  gear  tooth  errors  are  defined  and  the  contributions  of 
these  errors  to  different  parts  of  the  frequency  spectrum  are  described.  The  attenuat¬ 
ing  effect  on  the  static  transmission  error  spectrum  arising  from  the  smoothing  action 
of  multiple  tooth  contact  is  explained. 


1.  INTRODUCTION 

Each  pair  of  meshing  years  in  a  transmission  is  a  source  of  vibratory  excitation. 
Each  such  source  gives  rise  to  vibratory  motions  of  the  gearing  elements,  which  excite 
the  beatings  and  supporting  structure,  and  eventually  cause  the  radiation  of  sound  by 
panels,  beams,  etc.  In  this  paper,  we  describe  a  procedure  for  computing  the  vibratory 
excitation  caused  by  a  generic  pair  of  meshing  parallel-axis  helical  or  spur  years  of 
nominal  involute  design.  The  effects  of  gear  design  parameters,  tooth  elastic  deforma¬ 
tions,  and  machining  errors  are  included  In  this  procedure.  The  methodology  reported  on 
herein  is  a  summary  of  some  of  the  results  obtained  in  references  U-4|. 

Consider  the  excitation  from  a  generic  pinion/gear  pair.  The  most  important  source 
of  vibratory  excitation  from  this  meshing  pair  arises  from  the  nonuniformity  in  the 
transmission  of  angular  motion  between  the  pinion  and  the  gear  15-10).  This 
nonuniformity  in  the  transmission  of  angular  motion  has  two  causes:  (i)  elastic 
deformation  of  the  teeth  and  gear  bodies  -  which  is  a  function  of  the  loading  trans¬ 
mitted  by  the  gear  mesh,  and  (ii)  geometric  deviations  of  the  running  surfaces  of  the 
pinion  and  year  teeth  from  perfect  involute  surfaces,  in  regard  to  (ii),  it  should  be 
noted  that  perfect,  uniformly  spaced  involute  teeth  with  no  elastic  deformations 
transmit  exactly  uniform  angular  motion  (ll).  Since  structural  dynamics  calculations 
are  carried  out  very  easily  in  the  frequency  domain,  the  vibratory  excitation  arising 
from  the  above  causes  will  be  described  in  the  frequency  domain. 

In  addition  to  the  above-mentioned  excitation  source,  the  temporal  variation  in  the 
total  frictional  force  acting  between  the  teeth  also  serves  as  an  additional  source  of 
vibratory  excitation.  This  latter  source  generally  is  believed  to  be  small  in 
comparison  with  the  static  transmission  error  source.  Hence,  the  source  arising  from 
friction  will  be  neglected  in  this  paper. 


2.  STATIC  TRANSMISSION  ERROR 

The  excitation  source  arising  from  (i)  elastic  deformations  of  the  teeth  and  gear 
bodies  and  (ii)  geometric  deviations  of  the  tooth  surfaces  from  perfrect  involute 
surfaces  is  most  conveniently  described  as  a  displacement  type  of  excitation  -  rather 
than  a  force  type  of  excitation.  This  composite  excitation  is  characterized  by  the 
static  transmission  error  {5,6),  which  can  be  defined  loosely  (1,31  as  the  deviation  60 
from  linearity  of  the  angular  position  0  of  a  gear  measured  as  a  function  of  the  angular 
position  of  the  gear  (or  pinion)  it  meshes  with  when  the  gear  pair  is  transmitting 
torque  at  low  enough  speed  so  that  inertial  effects  are  negligible.  In  {1-3|,  we  have 
found  it  convenient  to  utilize  a  lineal  form  of  the  static  ransmission  error.  In  order 
to  give  a  precise  definition  of  the  static  transmission  error  as  it  is  used  in  [1-31,  it 
is  necessary  to  consider  the  idealized  perfect,  rigid,  involute  counterparts  (of  the 

same  design)  to  the  real  gears  under  conside  ation.  Let  60^^^  and  68^^^  denote, 
respectively,  the  instantaneous  deviations  of  the  angular  positions  of  real  years  (1) 
and  (2)  of  a  meshing  pair  Cr<jm  the  angular  positions  of  their  idealized  perfect  involute 

counterparts,  and  let  *  and  denote,  respectively,  the  base  circle  radii  of  the 

two  years.  Then,  the  ,)recise  derinition  of  the  static  transmission  error  (1-31  is 

(  n 

positive  directions  of  60^^^  and  60^^^  is  indicated  by 
Fig.  1.  The  sign  convention  of  the  static  trans- 


;  »  '  50-  '  ’  60 

where  the  sign  convention  for  the 
the  angles  0^^’  and  0^^*  shown  in 


DISCISSION 


H. Ferris,  L/S 

Vibraiion  analysis  for  hcallh  moniloring  has  nol  been  successfully  applied  in  the  past  commercial  aircraft,  i'he  most 
ef  feciive  diagnostic  system  has  been  chip  detectors  v<.iih  pil<»(  indicator  lights.  The  latest  state  of  the  art  i.sihe  use  of  fu/;r 
hurnoff  (Zappers)  to  remove  fme  wear  particles  on  heavily  loaded  gears  and  bearings,  which  eliminate  nuisance 
warnings.  When  a  cautionary  or  warning  light  comes  on.  it's  from  a  large  chip.  In  ihi.s  case,  you  complete  the  mission 
with  reduced  power  and  investigate  with  maintenance  acliiMt.  What  is  your  experience? 

.\u(hor's  Reply 

In  specific  applications,  simple  vibration  analysis  is  successful  c.g.  tracking  filter  readouts  for  detection  of  out  of  balance 
of  gas  turbine  shafts.  In  other  general  applications,  the  analysis  of  vibration  data  has  nol  been  effective  because  the 
techniques  used.  e.g.  overall  level  or  spectrum  analysis,  gave  poor  repeatability  of  readings  and  this  contributes  to  the 
lack  tif  sensitivity  in  the  detection  of  faults.  The  analysis  approach  described  in  our  paper  t)vereomes  both  these 
deficiencies  for  our  work  has  shown  the  good  repeatability  of  the  derived  FOM  parameters  and  the  excellent  resp»jnse 
to  the  faults  listed  in  the  paper. 

The  R.N.  does  employ  electric  chip  detectors  on  the  Sea  King  helicopters.  They  have  a  high  incidence  of  spurious 
warnings  and  thus  do  m>t  have  a  good  reputation.  Zappers  would  decrease  these  spuritius  incidents,  but  at  present  ihe\ 
have  nol  found  favour  with  the  UK  military.  Magnetic  plugs  that  merely  collect  debris  from  the  lubricant  (i.e.  do  not  act 
as  indicators)  have  a  wide  Use  in  the  UK  for  the  moniloring  of  helicopters.  Debris  is  removed  at  specified  intervals, 
examined  by  a  specialist  and  the  record  added  to  the  aircraft  file.  In  this  system  a  diagnosis  is  made  and  leads  directly  \o 
mainlenanee  decisions.  I'he  diagnosis  is  made  by  optical  particle  recognition  together  with  any  knowledge  of  wluu  is 
critical  non-critical  and  experience  of  the  system. 

It  would  be  stressed.  lu>wever.  that  nol  all  tril>ologieal  manifestations  yield  large  particles.  I  hey  may  not  be  magnetic 
and  they  mas  not  increase  the  total  mimber  of  equivalent  si/ed  particles  being  generated  throughout  the  gearbo.x. 

Hence  the  need  is  for  a  mix  of  techniques  to  provide  (he  high  overall  efficiency  in  the  detection  diagnosis  o(  faults 
coupled  with  the  necessarily  low  spurious  indications,  vibratum  analysis  of  (his  paper  and  wear  debris  assessment 
(cchniquc.v  complement  each  other. 

(Mi.Astridge.  I 'K 

In  response  to  Mr  herns'  comments: 

( 1 )  The  tvpe  of  vjbratuui  analysis  techniques  (cnh.mced  signal  averaging)  described  in  this  paper  are  applied  on  all 
W'esiland  helicopters  tall  gearboxes)  in  service  in  the  UK  and  USA.  Aeceleiometers  and  cables  are 
permanently  mounted  ansi  data  is  sampled  using  a  portable  (a()e  rccorsler  at  intervals  during  short  ground  run.s. 

The  vuleo  lormat'  tapes  are  expressed  to  Westland  for  rapid  analysis  (24  hour  turnannind).  In  future  this  analysts 
will  he  earned  out  sMt  Imard  in  the  .^(Kl  Series  growth  version  of  this  helicopter,  using  the  Health  ami  Usage 
Monitoring  C  omputer  described  in  Paper  SI  of  the  I'enth  lairopean  KoUircratt  Forum.  The  Hague.  Aug.  ldX4. 

1 2)  S'iruially  all  the  pmblems  endemic  to  past  genera’ions  of  wear  sensors  or  ehipcollectt>rs  are  ovcrciunc  by  the 

n  l)I  (  C)  ODM  (Quantitative  Debris  Monitori  jg  System) described  in  the  article  on  Advanced  (iearbox  Health 
Monitoring  l  eehmques.  published  in  the  International  Journal  of  Aviation  Satelv.  Sept.  I W4  p.lb5.  This  system  is 
also  a  very  important  part  of  the  armoury  of  health  monitoring  techniques  applied  to  the  Westland 
transmission.  Wc  w<iuld  concur  wholeheartedly  with  Mr  Ciadd’s  comment  at  the  beginning  of  his  part  of  the 
present. ition  (hat  no  single  heallh  monitoring  technique  can  detect  all  (volcnlial  failure  nuHics  in  ageaibox  and  lhai 
.1  c» 'lies  non  of  lechiques  is  necessary,  the  precise  constituents  depending  upt>n  the  particular  gearbox  design, 
lubneati«)ii  arul  liltiatuui  svsiern.  and  operation  conditions. 


2*4-'^ 


an  MTBR  of  appoximately  1000  hours  and  one  in  six  reaching  the  current  TBO,  a  20%  increase 
in  TBO  to  2400  hours  would  at  best  result  in  an  improvement  of  6%  in  the  if  every 

gearbox  reaching  2000  hours  were  to  survive  the  extra  400  hours.  In  reality  the  likely 
improvement  in  MTBR  would  be  around  4%.  To  introduce  VHM  on  a  current  aircraft  would 
entail . 

a.  scheming,  approval  and  fleet-wide  fit  of  an  aircraft  modification  to  install 
accelerometers  and  a  wiring  harness. 

b.  purchase  of  sufficient  high  quality  analogue  tape  recorders  to  meet  the  needs 
of  a  widely  dispersed  fleet. 

c.  establishing  adequate  analysis  facilities  (either  centrally  in  the  UK  or,  at 
greater  expense,  at  major  air  stations  and  on  large  ships). 

d.  establishing  a  monitoring  regime  which  would  undertake  routine  data  analysis, 
probably  at  50  flying  hour  intervals. 

A  cost-benefit  analysis  showed  that  the  break  even  point  would  be  achieved  with  an  MTBR 
improvement  of  around  15%  (rather  higher  for  the  Sea  King).  It  was  reluctantly  concluded 
that  such  gains  were  not  likely  and  that  the  introduction  of  VHM  to  current  aircraft  was 
not  warranted  on  cost-effectiveness  grounds.  A  cheaper  scheme  where  VHM  would  only  be 
applied  to  UK  shore  based  aircraft  was  also  considered  but  was  no  more  attractive  on 
financial  criteria,  and  had  the  added  disadvantcge  of  reducing  the  flexibility  to 
reallocate  individual  aircraft.  It  is  worth  noting  that  being  cost-effective  is  not  in 
itself  sufficient  to  ensure  the  adoption  of  VHM  since  there  are  many  other  competing 
improvement  proposals,  and  insufficient  funds  to  allow  them  all  to  be  adopted.  It  is  not 
uncommon,  unfortunately,  for  us  to  be  unable  to  introdu''e  gearbox  modifications  to 
overcome  known  weaknesses  despite  the  fact  that  they  would  extend  MTBRs  and  are  clearly 
cost  effective.  The  Army  and  the  Royal  Air  Force,  who  are  also  sponsvjrlng  this  work, 
have  come  to  the  same  conclusion  regarding  the  cost-ef fectivene.ss  of  application  to  their 
current  helicopter  fleets, 

10.  The  situation  regarding  futur*'-  aircraf’  is  ra'her  more  p  r<  *m  i  s  i  •  .  Firstly  the 

benefits  to  be  gained  from  TBO  ex  *  ens  l  .irus  far-  ;»igr.it‘i  an*  i:.  vip  early  years  in 

service  when  TBOs  are  low.  Sect-mdly  ra'.-ssary  ;  r.s*  a  1  1  a  •  ;  '.'a;;  h*-  .  ru-orpora'.ed 

during  the  development  programme  ar-  par'  f  .■*  •.••al'r,  tr,  j  .s.ige  Ti.-i.,'  ’  .-.g  and 

the  costs  are  lower  and  c-:>mparat  :  i  y  »*asi.y  .r  ..  r'-i.  T'-.r;:-/  •  r.*-  .’f  powerful 

computing  facilities  for  general  air-'-raV  . .  ;  .r;  •  '  •g'-'t.*--  w.Vi  -ontinuing 

advances  in  analysis  t.echn  i 'p..es  :rfer  •  r..-  ir  r.tff  analysis. 

This  would  be  a  major  5t»*p  f-rwari  g  •  ,.r  v  '  •  •  ••  i-t  'i,--,!  d.awbacks  and 

providing  valuabl  e  i  nft.'rmri*  i  0.  a’  r  ;  t  .  •  a  i  re  raf  t 

using  an  already  provlied  if.i  ,»•.  ;  ,  •  •••  ;  t  juolity 

recording  of  raw  data  w-.iald  irama’.  a;  ,  ••  -  •'►-•.  Jir.g  .f  data 

could  also  be  come  ai. » 'ima'ed. -  ;r: •••.  ..  -  .r,  ,.  .spring 

computing  systems  at  -i  1  r  •  a'  1  -  o:  1  .  ■  ,  ,  .  -  .  •  •  ,  o  ,  -  •  o  ,  j^v  i ces  w i  I  1 

be  aval  lab  1  e  to  1 1  rik  ’■  re s*‘  '  a ;  ?  •  r  •  •  -  •  •  .  •  .• 

19.  Although  routin'-  -r,'.)!.  i  '  r  ;  •  g  r  ••  •  iting 

VHM  i  s  not  at  presen  r  ar;  1  .  1  *  ;  a .  wr. ;  i  L 

are  be  ing  pursued .  Ttie  t  ;  f  •  •  . .a  •  a .  I  ;  u 

well  after  gearboxes  nav"  i..-  •  •  •  j  W'se 

techniques  for  t  rout- 1  e  sD'  .  •  ;  •  g  .  - .  ,1 ,  ,  .  « •  .  .  .  •  •  »  •  .  .  .  j  *  re  a  i  ro  raft 

An  example  of  t h  1  s  tias  nee*  g  .  .  . . ..tf.de r  way  » 

review  our  accident  tii.->t"ty  a:  :  .  .  v  __  for-itii'e  *  (..> 

improving  flight  saf^-'y.  I'ra^  iv  .-.a-  •  ••...•.•»  j.,  t  ne  u-as 

of  an  ai  rcaf  t.  cou  1  d  t:e  s... ;  -  r  •  ,  •  -  .  .  ,  .  -v  •  i  fc  raf  t . 


20  .  V  i  bra  t  i  on  nea  1  Ui  -  r  1  •  f  ;  r.g  -  r  ■  .  .  •  , . .  -  ,  .  »-»•  f  vfn»*s.>  i  n 
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Fig  S.  Sea  King  MRGB  Lay  Shaft  Showing  Apparent  20  Teeth  (43  Teeth  Actual) 

b.  A  Wessex  tail  rotor  gearbox  persisted  in  generating  high  output  shaft  vibra¬ 
tion  when  installed  in  numerous  aircraft.  Fig  6  shows  the  modulation  of  input 
gear  mesh  by  the  input  shaft.  Subsequent  alignment  checks  on  the  input  housing 
confirmed  this  diagnosis.  On  fitting  another  housing  the  modulation  manifestation 
disappeared  and  after  installation  on  an  aircraft  the  vibration  checks  were  well 
within  the  limits. 


Fig  6.  Signal  Average  of  the  Wessex  Tail  Gearbox  17  Teeth  Input  Pinion  With  Once-Per-ilev 
Modulat ion . 

SF.RVICE  APPLICATIONS 

16.  Having  now  described  the  techniques  in  detail  and  given  some  examples  of  their  use, 
it  is  appropriate  to  look  at  how  we  are  planning  to  exploit  them.  While  our  oldest 
aircraft,  because  of  their  reducing  numbers  and  limited  future  are  not  good  candidates 
for  investment,  we  have  had  a  careful  look  at  ’.he  introduction  of  VilM  to  the  Lynx  and 
oea  King.  Table  2  gives  details  of  the  current  gearbox  lives.  The  Lynx  has  been  in 
squadron  services  for  7  years  and  the  Sea  King  a  great  deal  longer. 

Table  2  Current  HN  Gearbox  Lives 


•  2  pinion  and  J  pinion 


Withi  the  exception  of  the  Lynx  main  gearbox,  overhaul  lives  represent  around  5  years 
actual  flying  at  our  modest  rates.  The  Lynx  figure  is  low  because  of  problems  with  the 
early  2  pinion  gearbox  which  is  unlikely  to  get  beyond  the  current  figure.  It  will 
eventually  be  replaced  with  the  more  robust  3  pinion  unit  which  is  still  In  the  early 
stages  of  TBO  extension.  However,  partly  by  exploiting  civil  and  Dutch  naval  experience 
with  this  gearbox,  we  hope  to  get  up  to  1200  hours  shortly  and  then  progress  in  stages 
to  at  least  2000  hours.  It  is  also  important  to  note  that  many  gearboxes  fail  to  reach 
their  declared  overhaul  life  since  only  these  boxes  staml  to  benefit  from  any  further 
TBO  extensions. 

17.  The  scope  for  increasing  tfie  MTBH ,  and  hence  reducing  the  annual  number  of  overhauls 
IS  therefore  clearly  limited.  For  example,  with  the  Gea  King  main  gearbox  which  is  showing 
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Fig  4B:  Lynx  MRGB  Conformal  Wheel  Test  -  110.15  Hrs 

b .  At  110.15  hours 

(1)  Signal  Average  -  Nothing  appears  as  obvious  events. 

(2)  Residue  -  The  tail  and  starboard  pinion  meshes  are  apparent  as  impulsive 
events  and  a  burst  of  activity  reveals  in  a  general  sense  the  position  of  the 
port  pinion.  FOM  4A  rises  from  5.1  to  6.3.  FOM  4B  rises  from  0-12  to  0.19. 


Raw  Signal  Average  FOM  4  Residue 


Fig  4C :  Lynx  MRGB  Conformal  Wheel  Test  -  118.25  Hrs 
c  .  At  118.25  hours 

(1)  Signal  Average  -  Some  distortion  of  the  signal  average  is  apparent. 

(2)  Residue  -  The  discrete  nature  of  the  events  is  obliterated  by  the 
increase  in  the  noise.  FOM  4A  falls  from  6.3  to  4.0.  FOM  4B  increases  from 
0.19  to  0.41 . 

14,  The  above  example  has  been  generated  to  illustrate  a  number  of  points: 

a.  The  FOM  4  routine  has  to  be  used  in  order  to  achieve  the  required  sensitivity 
for  fault  correction. 

b.  A  mesh  pattern  character  may  become  obscure  as  the  tooth  failure  progresses,  say 
into  gear  web. 

c.  FOM  4A  has  excellent  sensitivity  for  discrete  events  but  can  fall  away  as  the 
failure  progresses  as  mentioned  above. 

d.  FOM  4B,  whilst  sluggish  to  respond,  quantifies  the  random  energy  'leaking'  into 
the  residue,  and  can  be  expected  to  increase  as  the  damage  progresses. 

Thus  trend  analysis,  obviously  an  important  element  in  any  form  of  machinery  monitoring, 
cannot  ce  simple,  particularly  if  done  through  a  sampling  programme.  If  the  best  diagnosis 
of  faults  is  to  be  extracted  automatically  from  the  FOM  package,  some  form  of  matrix  of 
parameters  will  have  to  be  constructed.  This  will  allow  for  the  fault  to  progress  as  a 
generally  increasingly  level,  or  for  the  fault  to  register  only  at  s )me  stage(s)  of  Its 
deve 1 opmen  t . 

15.  Further  possibilities  of  fault  data  collection  on  gearbox  (and  other  assemblies)  occur 
from  troubleshooting  and  test  bench  investigations.  Two  examples  are  quoted: 

a.  Following  a  pilot  report  of  unusual  vibration  from  a  Sea  King  main  rotor  gear¬ 
box,  an  investigation  was  carried  out.  This  revealed  that  the  accessory  free-wheel 
lay  shaft  when  operating  was  in  torsional  resonance,  hence  the  audible  noise.  The 
raw  signal  average  for  the  shaft  is  shown  in  Fig  5.  The  apparent  half  number  of 
teeth  confirms  the  resonance  phenomenon. 


Fig  3:  Mechanical  System  Diagnostic  Analyser  (MSDA) 


HESUtrS 

1.5.  Fur  any  mor!  i  toning  programme  the  repeatability  of  the  chosen  parameters  has  to  be 
Aruilywis  of  data  from  the  Lynx  main  rotor  gearbox  gears  has  enabled  values  to  be 
cralculatod  f-ip  the  FM  procedures  and  the  values  have  been  shown  to  remain  largely  within 
close  iliTiits  for  a  given  gear  on  an  aircraft  when  recordings  are  made  on  2  or  more 
occasions.  The  signature  obtained  from  the  3  aircraft  were  also  closely  similar.  This 
has  er-.abled  the  bounds  for  a  normal  gearbox  to  be  provisionally  established.  It  is 
believed  that  the  above  repeatability  is  in  no  small  way  due  to  the  non-dimensional  form 
of  the  FOMs.  The  efficiency  of  gear  fault  detection  for  a  variety  of  faults  has  been 
'  ab  i  1  .“jhod  by  analysis  of  archival  tapes,  viz  Westlands  Helicopter  fatigue  substantia- 
M  gearbox  trials  where,  in  a  number  of  high  load  tests,  gear  failure  progression  has 
b'.-en  recorded.  Fig  4  shows  Lynx  wheel  tooth/web  failure  progression.  In  each  revolution 
A'  the  wheel  the  damage  goes  through  3  pinion  meshes  spaced  90^-90‘’-180® . 


Haw  Signal  Average 


Fig  -lA :  Lynx  MHGi'  Conformal  Wheel  Test  -  10S.4‘^  Mrs 
'll .  At  105. 4ti  hours 

'1)  Signal  Average  -  Clearly  an  84  tooth,  gear  appears  good. 

(2)  Hes 1  due  -  A  double  event,  is  obvious,  the  port  pinion  contribution  is  not 
readily  seen  probably  because  of  the  transducer  siting.  FOK  4A  rises  from  3.1 
to  S.l  FOM  4F)  remains  static. 
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vinoo  1. 1  n  j  the  CDps  ot  the  lines  is  shown. 
In  Kij.  IS,  a  line  component  occurs  at 
>*ich  .1 1  scoti  t  i  nu  i  t  y  in  slope,  since  the 
t.  )ps  )f  ttie  spectral  lines  have  been 
-•‘•inneoted  there  by  straight  line  segments. 
The  Si.-ectrum  shown  in  Fi-j.  15  no  longer 
appears  periodic  to  the  eye  because  it  is 
plotted  on  a  logarithmic  axis  ot  harmonic 
numr:ier3j  however,  the  positions  of  ttie 
tooth-meshing  harmonics  where  the  nulls 
and  strong  sidebands  occur  clearly  are 
ev  ident  there . 

The  product  (at  the  toot  h-spac  i  ng 
error  spectrum  1/2  j  B  q  q  N  n  )  '  j  [Kg.  (20)] 
illustrated  in  Fig.  15  and  the  tooth- 
spacing  error  mesh  transfer  function 
I  $  Q  Q  (  n/N  ^  ^  ^  ii )  illustrated  in  Fig.  14  is 
shown  plotted'on  log-log  coordinates  in 
Fig.  16.  The  tO[)s  of  the  spectral  lines 
are  connected  by  straight  lines  in  Fig. 

16,  just  as  in  Fig.  15.  Thus,  Fig.  16 
IS  a  plot  ot  the  envelope  of 

»'2  j  Hq Q  \  n  )  '  ^ Q n/N^  ^  ^  A)  I  which  is  the 
tooth-spacing  error  contribution  from  a 
single  spur  gear  to  the  rms  harmonic 
amplitudes  ot  ttie  static  transmission 
error,  which  the  vibratory  excitation. 

It  IS  instructive  to  compare  the  mesh 
attenuated  spectrum  of  tooth-spacing 
errors  shown  in  Fig.  16  witti  ttie  un¬ 
attenuated  spectrum  of  tooth-spacing 
errors  shown  in  Fig.  15.  In  comparing  the 
amplitudes  ot  ttie  first  tew  rotational 
harmonics  that  occur  at  the  discontinui¬ 
ties  in  slope,  wo  see  that  there  is 
negligible  attenuati'^n  ot  ttiese  harmonics 
arising  from  the  averaging  action  of  r.he 
multiple  tootti  contact,  since  the  tooth¬ 
spacing  error  mesh  transfer  function  shewn 
in  Fig.  14  IS  approximately  unity  in  this 
low-order  harmonic  number  region.  We  also 
see  that  the  strong  sidebands  tliat  occur 
periodically  in  Fig,  15  in  the  neightior- 
hood  of  each  tooth-mesli i  n  j  harmi'inio  are 
very  strongly  attenuated  in  Fig,  16  by 
the  nulLs  in  the  tooth-spacing  error  mesh 
transfer  function  that  are  seen  in  Fig. 

14  in  the  neighborhood  ot  each  tooth¬ 
meshing  harmonic  location.  Finally,  we 
see  that  the  overall  slope  of  tlie  spec¬ 
trum  shown  in  Fig,  16  decays  at  a  "rate” 
of  6  drt  per  (jctdve  in  the  high  harmonic 
number  region  -  which  is  the  decay  ot  the 
mesh  transfer  tunctl(3n  shown  in  Fig.  14 
in  this  same  region. 


Fig.  14. 


Fig. 
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Tooth  spacing  error  (k=0,  1=0) 
mesli  transfer  function  magnitu<.1o 
for  a  50  tooth  spur  gear  with 

<?^  =  1.819. 


R '•’'A’ l,‘’bA.  hARV  "j  '  boV"' "  ' 

Fnvolope  of  tooth  spacing  error 

spectrum  /7 1 B q q *  * ^  ( n ) ' 1  {K  =  0,  4=0) 
on  logarithmic  harmonic  numlier 
axis  t<>r  a  50  tooth  gear. 


8.  OVERALL  BEHAVIOR  OF  THE  EXCITATION  > 

SPECTRUM  ARISING  FROM  A  SINGLE  PINION 
OR  GEAR  F 


By  examining  the  large  harmonic  number 
asymptotic  behavior  of  the  dominant  term  in 
Eg.  (95)  ot  reference  2,  one  can  show  (2,3) 
that  the  envelopes  of  the  magnitudes  ot  the 
mesh  transfer  functions  tor  helical  gears 
are  asymptot i ca 1 ly  equal  to 
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(  (  2k>  1  )  (  2tM  )  1  ' 
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(25a) 

Similarly,  by  examining  the  large  har¬ 
monic  number  tjehavior  ot  the  dominant 
term  in  Eg.  /I  10)  ot  reference  2,  one  <'an 
show  (2,3)  that  the  evelopos  '^t  the 


Fig.  16.  Envelope  of  tooth  spacing  error 
contribution  (k=0,  1=0)  to  the 
static  transmission  error  spectrum 
for  a  50  tooth  spur  gear  with 
Ot  =  1.819. 
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magnitudes  of  the  mesh  transfer  functions  for  spur  gears  are  asymptotically  equal 
to 


♦  .  (n/N*  ‘‘is) 
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Quantities  Q^  and  are  the  axial  and  transverse  contact  ratios  defined  by  Eqs,  (8)  and 
(9).  The  decay  in  harmonic  number  n  of  the  right-hand  side  of  Kq.  (2Sa)  as  n~2  yields 
the  decay  "rate"  of  12  dB  per  octave  in  the  large  harmonic  number  region  of  the  mesh 
transfer  functions  shown  in  Figs.  10  through  13.  The  decay  in  harmonic  number  ..  of  the 
right-hand  side  of  Eq.  (25b)  as  yields  the  decay  "rate"  of  6  dB  per  octave  in  the 

large  harmonic  number  region  of  the  mesh  transfer  function  shown  in  Fig.  14  and  the  mesh 
attenuated  error  spectrum  shown  in  Fig.  16. 


As  we  have  mentioned  earlier*  the  mesh  transfer  functions 


.(n/N 


(  •) 


L)  describe  the 


♦kt‘ 

effects  of  the  smoothing  action  of  multiple  tooth  contact  on  the  deviations  of  the  tooth 
surfaces  from  perfect  involute  surfaces.  From  Eq.  (25a),  we  see  that  in  the  large 
harmonic  number  region,  the  envelopes  of  the  mesh  transfer  functions  for  helical  gears 
depend  on  the  axial  and  transverse  contact  ratios  only  through  their  product  O^Ot »  which 
has  been  called  [3]  the  aggregate  contact  ratio  ACR  -  see  Eq.  (11a).  This  same 
dependence  also  has  been  found  to  be  true  of  the  loading  dependent  component,  as  can  be 
seen  from  Eq.  (10a).  Similarly,  from  Eqs.  (25b>  and  (10b)  we  see  that  the  envelopes  nf 
the  mesh  transfer  functions  and  loading  dependent  component  for  spur  gears  in  the  large 
harmonic  region  are  inversely  propor¬ 


tional  to  the  transverse  contact  ratio  Q^. 
which,  according  to  Eq.  (lib),  is  the 
aggregate  contact  ratio  for  spur  gears. 
Thus,  it  follows  that  a  single  design 
parameter,  the  aggregate  contact  ratio, 
characterizes  to  a  first  approximation 
the  gear  mesh  design  parameters  insofar 
as  the  vibratory  excitation  is  concerned 
[2,3].  From  Eqs.  (10a,b)  and  (25a,b),  it 
follows  that  doubling  the  ACR  will  de¬ 
crease  the  excitation  by  about  6  dB  in  the 
general  region  of  the  tooth-meshing 
harmonics  where  the  asymptotic  approxima¬ 
tions  given  by  Eqs.  (10a, b)  and  (25a, b) 
are  valid*  In  Fig.  17,  the  axial  and 
transverse  contact  ratios  are  related  to 
fundamental  gear-mesh  design  parameters, 
where  F  is  the  face  width  of  a  single 
helix,  D  is  the  tooth  depth  [3]  illus¬ 


trated  in  Fig.  3,  (Ola) 
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is  the  Base 

cylinder  diameter^  is  the  number  ot 
teeth,  *  is  the  pressure  angle,  and  *  is 
the  pitch  cylinder  helix  angle. 


To  a  Pint  Approximation,  Gear  Design  Parameters 
Influactca  Static  transmiuion  Error  Spectrum  at 
One  Aggregate  Parameter,  ACR; 

ACR  ‘  Aggregate  Contact  Ratio 

•  for  Helical  Gears 

=  Of  for  Spur  Gears 

Q,  •  Axial  Contact  Ratio  =  FL/AA 

FN  cos  0  tan  0 

w  (Die)},' 

•  Transverse  Contact  Ratio  >  LM 

ON'-'  ctc0 
»  (Die)],' 


Influence  of  gear  design  param¬ 
eters  on  the  static  transmission 
error  spectrum. 


From  the  preceding  material,  we  can 
conclude  that  the  various  components  of  Fig.  17. 

the  static  transmission  error  from  a 
single  pinion  or  gear  contribute  to  the 
vibratory  excitation  spectrum  as  shown 
in  Fig.  18.  The  lighter  spectral  lines  shown  in  Fig.  10  represent  the  rotational 
harmonics  that  arise  from  deviations  of  the  individual  tooth  surfaces  from  the  mean  tooth 
surface  (1-3].  The  heavier  spectral  lines  represent  the  tooth-meshi ig  harmonics  that 
arise  from  the  deviation  of  the  mean  tooth  surface  from  a  perfect  involute  surface  and 
from  elastic  deformations  of  the  teeth  and  gear  body. 
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Fig.  18.  Contributions  to  static  trans¬ 
mission  error  spectrum  from 
various  types  of  tooth  errors 
from  a  sinjle  pinion  or  year. 


Fig.  19.  Rotational  harmonic  structure  of  a 
bobbed  and  shaved  gear  (from  Ret. 
12). 


Since  the  sLienjths  uf  all  mesh  transfer  functions  except  that  tor  tooth-spac i ny 
errors  are  small  \n  comparison  with  unity  in  the  region  of  the  first  few  rotational 
harmonics  (see't  ijs.  10-13).  the  dominant  contribution  to  the  first  few  rotational 
harmonics  will  arise  from  tooth-spacing  errors  (k  =  0,  1=0)  as  defined  by  Eqs,  (12) 

through  (17),  Table  1,  and  Kig.  7.  Furthermore,  since  the  tooth-spacing  error  mesh 
transfer  functions  have  nulls  in  the  neighborhoods  of  the  tooth-meshing  harmonics,  and 
since  the  other  mesn  transfer  functions  generally  do  not  have  nulls  in  the  neighborhood 
of  tie  tooth-meshing  harmonics,  the  pairs  of  sidebands  closest  to  the  tooth-meshing 
harmonics  should  be  dominated  by  error  types  other  than  tooth-spacing  errors.  Finally, 
contributions  to  the  tnoth-mesh i ng  harmonics  arise  from  elastic  deformations  of  the  teeth 
and  year  bodies  and  from  the  deviations  of  the  mean  tooth  surface  from  a  perfect  involute 
surface,  whose  expansion  coefficients  are  given  by  Eq,  (21a),  In  the  above  ciscussion. 

It  has  been  assumed  that  the  stiffness  characteristics  of  all  teeth  on  a  pinion  or  gear 
are  tne  same. 

The  strengths  of  the  rotational  harmonics  that  surround  the  tooth-meshing  harmonics 
are  not  necessarily  negligible  or  small  in  comparison  with  the  strengths  of  the  tooth¬ 
meshing  harmonics.  Figure  19  shows  on  an  expanded  frequency  scale  a  measured 
St ructureborne  vibration  velocity  spectrum  arising  from  vibration  excitation  by  a  hobbed 
and  shaved  helical  gear.  The  amplitude  scale  is  logarithmic  and  the  freguency  scale  is 
linear.  Only  the  portion  of  the  frequency  scale  in  the  neighborhood  of  the  tooth-meshing 
fundamental  frequency  n  =  N  is  shown  in  Fig.  19.  In  this  particular  case,  a  tew  of  the 
rotational  harmonic  levels  are  higher  than  the  tooth-meshing  fundamental. 

To  (jbtain  the  Fourier  series  represetitat  ion  of  all  contributions  of  the  static 
transmission  error  spectrum  from  a  meshing  pair  of  gears,  the  mesh  attenuated  Fourier 
series  coefficients  given  by  Eq.  (23)  for  each  gear  of  the  meshing  pair  are  superimposed 
and  added  to  the  Fourier  series  coefficients  arising  from  elastic  deformations  of  the 
teeth  and  gear  bodies  given  by  Eqs.  (6).  Thus,  the  tooth-meshing  harmonic  contributions 
of  this  sum  are  given  11-3]  by 


where  p  denotes  the  tooth-meshing  harmonic  number,  tne  are  the  elastic  deformation 

contributions  given  by  Eqs.  (6),  and  and  are  the  contributions  given  by  Eq. 

(23)  from  gears  (1)  and  (2)  of  the  meshing  pair  tor  their  respective  tooth-meshing 


harmonics  n  =  and  n  =  pN^^^.  Subscript  m  on  the  left-hand  side  of  Eq.  (26)  denotes 

that  the  tooth-mesh i ng  harmonic  contributions  arise  from  the  mean  deviations  of  the 
loaded  tooth  surfaces  from  perfect  involute  surfaces.  The  remaining  rotational  harmonic 
contributions  are  given  by  the  superposition  of  the  remaining  terms  in  Eq.  (23) 

(n  *  pN^*^)  from  each  gear  of  the  meshing  pair.  These  rotational  harmonics  from  the  two 
meshing  gears  generally  occur  at  different  frequencies  due  to  the  generally  different 
numbers  of  teeth  on  the  gears  (Ij. 


9.  MKASUREMENT  UF  TOOTH  SURFACES 

To  utilize  Eq.  (16)  to  compute  the 
Legendre  expansion  coefficients,  we 
require.  In  principle,  the  deviation 

np‘Ny,z)  of  every  point  y,z  of  the 
rbAning  surface  (Flys.  3  and  6)  of  every 
tooth  j  of  year  (  •).  Measurement  of  the 

'leviation  ni  *  *  (  y  ,  z  )  at  every  point 
clearly  is  Ir^iposslbie  to  accomplish. 
However,  a  good  approximation  to  the 

surface  nl*^(y,z)  can  be  <5bLained  by  a 
kind  of  twi-d imens lona I  interpolation 
[4]  between  conventional  lead  and  profile 
deviatit,)n  measurements.  It  Gaussian 
<juadrature  is  used  to  evaluate  the  double 


z 

f 


Fig.  20,  positions  of  3  profile  deviation 
measurements  and  4  lea<l  deviation 


integral  in  Eq.  (16),  one  can  argue  [4]  measurements  located  at  zeros  tit 

that  the  lead  and  profile  measurements  Legendre  po'ynomials  of  tlegrees  3 

should  be  located  at  the  zeros  of  Legendre  and  4,  respectively, 

polynomials  defined  over  the  spans  F  and 

D  shown  in  Fig.  6.  Figure  20  shows  the  locations  of  tour  such  lead  measurements  and 
three  such  ijrofiie  measurements.  For  vibration  excitation  predictions,  three  lead 
measurements  and  three  profile  measurements  on  every  tooth,  located  at  the  zeros  of 
Legendre  polynomials  of  degree  3,  should  provide  excellent  results. 
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DISCUSSION 


B.A.Shotter,  UK 

Gear  ltH>lh  spacing  errors  as  measured  on  gear  inspection  machines  can  differ  in  character  depending  upon  the  way  in 
w  hich  the  gears  have  been  produced.  Some  pitch  errors  are  fixed  in  the  rotational  angular  position.  iUhers  travel  around 
the  gear  with  the  tooth  when  it  is  helical.  Have  you  considered  the  implication  of  ihe.se  two  tyj>e.s  of  spacing  errors? 

Author's  Reply 

The  pitch  errors  that  are  fixed  in  rotational  angular  position  w  ill  tend  to  produce  the  same  error  at  prcjgressively 
different  values  of  axial  IcK'ation  {Fig.  fijon  suece.s.sive  helical  gear  teeth.  I  he  measurement  method  that  we  use  (Fig.  20) 
lo  measure  deviations  of  tooth  suiiaces  from  perfect  involute  surfaces  is  certainly  capable  of  measuring  such  errors. 
However,  the  Legendre  polynomial  mclht)d  that  we  use  |Figs.  1 2—  1 7  and  Fig.  7j  for  representing  the  measurements 
illustrated  in  Fig.  20  wtuild  characterize  such  behaviour  as  a  variation  on  successive  teeth  of  pure  lead  mismatch 
deviations  (k  I.  I  *0}  pure  lead  crowning  deviations  (k  =2,  I  — 0)(Table  1). 

On  the  other  hand,  the  pilch  errors  that  travel  around  the  gear  with  a  particular  helical  unnh  will  lend  to  sh(»w  up  in  our 
l.egendre  ptilynomial  method  as  a  pure  tooth  spacing  error  of  whatever  tt>o!h  they  are  fitllowing. 


P.  da  Silva.  Po 

C'ould  you  comment  on  the  influence  of  the  lubricant  on  your  analysis  as  it  seems  to  assume  a  dry  contact? 

Author's  Reply 

Our  analysis  assumes  that  as  the  line  of  contact  sweeps  across  the  tooth  face  (Fig.  there  is  negligible  varianon  in  the 
oil  film  thickness.  If  this  assumption  is  true,  there  is  no  need  to  bring  oil  film  considerations  into  the  analysis. 


P.SaibeL  US 

It  seems  to  me  that  your  method  cimld  he  applied  to  the  situation  where  wear  is  taking  place  and  your  system  would 
become  almost  periodic. 

Author's  Reply 

As  long  as  there  is  negligible  additional  wear  over  the  duration  of  a  single  revolution  of  a  pinion  or  gear,  wc  can  retain 
dll  of  the  periodic  a.ssumpfions  used  in  the  analysis.  However,  any  long  term  wear  components  that  are  common  to  all 
teeth  on  a  pinion  or  gear  will  change  the  levels  of  the  tiKith-mcshing  harmonics,  whereas  any  long  term  wear 
components  that  differ  among  the  teeth  w  ill  change  the  rtitational  harmonic  levels  of  that  particular  pinion  or  gear. 
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SITWVRY 

Progress  In  transmission  reliability  can  only  come  from  a  full  understanding  of 
what  causes  the  limitation  of  tooth  load  carrying  capacity.  This  paper  will 
discuss  the  many  aspects  of  tooth  failure,  the  significance  of  various 
Inltlalon  areas,  possible  approaches  to  improve  the  critical  areas  and  other 
relevant  factors. 


INTRODUCTION 


Whilst  the  text  hooks  usually  classify  tooth  failures  as  surface  fatigue  for 
pitting),  root  breakage,  lubrication  breakdown  or  scuffing,  the  minor  details 
of  any  particular  failure  can  often  leveal  a  lot  more  useful  information.  Some 
failures  are  not  always  what  they  seem  at  first  sight.  The  mi  si  nr erpretat ion 
of  failures  can  lead  to  conflict  between  the  evidence  from  different  tests. 

This  reacts  further  into  the  design  of  new  gear  systems  which  cannot  be  as 
reliable  as  one  would  like  unless  the  inptit  data  accurately  relates  to  the 
design  formulae  being  used.  It  is,  therefore,  extremely  important  to  analyse 
all  failure  data,  however  obtained,  very  carefullv  indeed  to  extract  the 
maximum  amount  of  information  that  can  be  derived  from  the  observable  evidence. 

Successful  operation  teaches  one  very  little:  catastrophic  failure  might  occur 
with  an  extra  five  per  cent  load  or  gears  might  he  fifty  per  cent  heavier  than 
they  need  to  he.  Only  by  testing  to  failure  can  one  judge  safety  margins  or 
attempt  to  make  changes  that  will  improve  load  capacity.  The  process  of 
assessing  any  particular  failure  involves  a  large  number  of  questions  and 
answers.  Some  questions  may  he  definable  before  any  failure  occurs,  hut  others 
on^y  appear  in  reaction  tn  the  particular  set  of  circumstances  that  are 
relevant  for  this  specific  combination  of  observed  facts.  Although  this  mav 
suggest  that  one  cannot  lay  down  any  hard  and  fast  fules  that  will  he  capable 
of  general  application,  it  Is  possible  to  indicate  the  basic  guide  lines  that 
can  he  followed.  In  many  ways  one  might  say  that  the  steps  outlined  in  this 
paper  are  ’self-evident',  however  it  is  surprising  how  many  times  people  only 
attempt  to  answer  a  part  of  a  problem.  Papers  and  reports  often  show  examples 
of  failures  which  raise  questions  that  are  not  answered  in  the  text.  One  can 
only  assume  that  the  authors  never  realised  the  possible  significance  of  the 
evidence. 

If  one  is  attempting  to  analyse  a  specific  failure  case  then  it  is  important  (n 
start  with  a  clearly  defined  ohiective,  to  understand  the  reason  for  the 
failure.  Many  reports  have  been  producevl  t^at  end  with  a  statement  defining 
the  nature  of  the  Failure  and  do  not  attempt  to  in'^estlgate  'whv  it  happened’. 


This  may  happen  because  the  Investigation  has  been  placet)  In  the  hands  of 
people  who  only  have  limited  Information  given  to  them.  Metallurgists  may  he 
given  a  failed  component  and  be  asked  to  give  the  reason  for  the  failure.  They 
can  usually  define  the  type  of  failure  and  can  help  by  Investigating  whether 
the  metal  Is  to  the  standard  required  hv  the  drawings.  However,  they  are  often 
not  In  a  position  to  comment  on  the  actual  operating  condition  In  relationship 
to  component  accuracy  or  dynamic  loading  effects.  A  broad-minded  approach  Is 
essential  If  one  Is  to  derive  the  maximum  benefit  from  Investigations  Into  gear 
failures.  This  may  well  mean  having  failures  Investigated  by  a  small  team  who 
contribute  from  their  own  Individual  disciplines.  Testing  to  failure  can  be  an 
expensive  procedure,  It  Is  Important  to  derive  Che  maximum  benefit  from  the 
results  that  are  obtained. 

Whilst  It  Is  often  Important  to  know  what  the  ultimate  failure  mode  might  he 
for  a  full  'Failure  Modes  and  Effects'  analysis.  It  must  also  be  stated  that 
such  tests  can  obscure  the  real  origins  of  the  Initial  failure.  Early 
detection  of  possible  failures  can  be  very  Important  In  pin-pointing  the  true 
causes  of  failures.  Such  observations  can  often  lead  to  minor  modifications 
which  may  have  very  significant  effects  on  the  reliability  or  load  capacity  of 
the  components.  Thus  'Health  Monitoring'  techniques  can  play  a  very  important 
part  in  the  development  of  new  transmissions  as  well  as  their  more  usual 
'In-servlce'  role. 

As  already  mentioned  It  Is  Impossible  to  lay  down  a  simple  logic  procedure 
which  will  serve  for  the  analysis  of  every  failure  case.  Thus  the  approach 
offered  starts  from  the  three  classical  failure  mechanisms  and  suggests  some  of 
the  ways  In  which  the  basic  failure  should  be  considered.  A  further  section 
considers  the  implications  of  mlcropittlng  on  gear  failures. 


DISCUSSION  ON  TOOTH  BREAKAGE  QUESTIONS 


When  a  gear  tooth  breakage  occurs  It  can  be  of  a  single  tooth  with  others 
showing  little  effect  (a).  This  may  mean  a  local  material  flaw  or 
manufacturing  damage  at  the  root  of  that  tooth  alone.  Alternatively  there 
could  have  been  a  major  shock  load  which  caused  the  failure.  The  character  of 
the  fracture  may  help  to  distinguish  these.  If  a  gear  were  operating  just  In 
the  finite  life  zone  of  Its  fatigue  capability,  then  one  would  expect  to  find 
cracks  at  the  roots  of  a  lot  of  the  teeth.  The  more  teeth  that  are  cracked, 
the  more  significant  the  result  In  terms  of  the  definition  of  fatigue 
properties  (hi. 

Sometimes  one  finds  a  pattern  of  failures  such  that  teeth  have  failed  or 
cracked  In  a  symmetrical  manner,  say  a  four-fold  symmetry.  This  can  be  due  to 
a  fundamental  vibration  of  the  gear  Itself  or  a  cyclic  loading  pattern  that  may 
or  may  not  be  expected  (c).  When  one  tooth  falls,  the  subsequent  damage  may  be 
very  considerable  with  extensive  plastic  deformation  as  teeth  hit  tlp-to-tlp  or 
smash  their  way  through  others  with  impact  failures.  By  carefully  sorting 
through  the  debris  It  may  he  possible  to  find  one  or  two  fragements  of  teeth 
that  clearly  show  fatigue  fractures  which  are  likely  to  be  the  Initiation  areas 
for  the  failure  (dj  (el.  Fatigue,  In  Its  early  stages.  Is  usually  recognisable 
by  the  smooth  character  of  the  fracture  surface,  rapid  rack  propagation  Is 
recognisable  by  Its  much  rougher  fracture  surface. 
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TOOTH  BRF.AKAGK  OUF.STIONS 


CHART  A 


How  many  teeth  have  broken? 

hi  How  many  others  show  cracks? 

cl  Are  the  failures  all  adjacent  or  is  there  any  significance  In  the  grouping 
of  the  failures? 

HI  Which  tooth  failed  first’ 

el  Was  the  failure  hy  fatigue  or  excessive  overload? 

f)  Was  the  failure  origin  at  the  tooth  end  or  In  the  middle  of  the  facewlHth? 

g)  Old  the  failure  originate  from  Che  contact  area  or  from  the  root  area’ 

h)  If  It  starts  on  the  root  fillet  area  's  Its  initiation  point  high  tip  the 
fillet  or  down  near  the  root  diameter? 

11  Having  been  Initiated  how  does  the  crack  develop? 

l)  Is  the  origin  on  the  anticipated  side  of  the  tooth? 

kl  Are  there  any  abnormal  defects  in  the  tooth  root  geometry? 

11  Is  the  metal  In  the  correct  hardness  condition  near  the  origin? 

m)  Has  the  correct  case  depth  been  produced’ 

nl  Poes  the  fracture  surface  show  changes  in  the  crack  propagation  rate? 

ol  Can  one  detect  any  Inclusions  near  the  origin’ 

nl  Were  there  any  abnormalities  In  the  unit  operating  characteristics? 

q)  Is  the  gear  rlra  structure  likely  to  contain  stresses  that  could  influence 
the  failure? 

rl  Old  the  tooth  fail  as  one  single  fragment  or  as  a  series  of  pieces 
breaking  off? 

si  Do  any  other  parts  of  the  transmission  system  show  evidence  of  abnormal 
1 oading’ 


position  of  a  fatigue  origin  can  be  important.  Was  the  loading  uniform 
across  the  facewidth?  Tf  the  crack  originates  at  the  tooth  end  It  may  he 
suggesting  a  heavv  end  loading.  Failure  sometimes  start  over  a  web  where  the 
relative  tooth  stiffness  may  he  higher  than  at  the  ends  of  the  facewidth  (f). 

Whilst  the  classical  tooth  breakage  is  expected  to  start  from  the  root  fillet 
area  manv  failures  don't  seem  to  have  read  the  text  books.  They  may  have 
started  as  a  contact  area  failure  with  a  crack  that  has  propagated  towards  the 
tooth  root.  In  this  area  the  root  bending  stresses  may  take  over,  to  continue 
the  crack  propagation  and  cause  tooth  breakage  (g).  The  failed  tooth  fragment 
is  often  more  helpful  here  than  looking  at  the  main  body  of  the  gear. 

^ven  where  the  failure  origin  is  away  from  the  flank  contact  area  the  position 
of  the  origin  may  signify  that  factors  other  than  simple  bending  are 
involved  (hi.  For  example,  if  a  wheel  rim  is  shrunk  on  a  hub  the  high 
circumferential  rim  stresses  can  cause  the  cracks  to  initiate  very  low  down  in 
the  root  fillet.  Tn  this  case  the  subsequent  crack  development  may  he  almost 
radial  through  the  rim  as  the  crack  tends  to  propagate  across  the  line  of 
tensile  stressing  (11.  Material  flaws  can  also  affect  the  crack  development. 
Fuch  effects  may  cause  a  root  fillet  Initiation  on  a  helical  gear  to  run 
axially  along  the  gear  only  showing  small  de'Mations  due  to  the  root  stresses 
when  the  crack  progresses  into  adiacent  root  areas.  Particularly  in  cases  like 
this,  one  must  check  that  the  origin  is  from  the  normally  loaded  side  of  the 
teeth.  Hrcasionallv  cases  are  found  where  the  failure  originate  on  the  wrong 
side  of  the  tooth  (j)!  These  may  indicate  that  braking  torques  are  well  in 
excess  of  the  normal  designed  drive  torques.  Or  sometimes  that  equipment  has 
been  operated  in  a  manner  for  which  it  was  not  designed. 

When  only  one  tooth  shows  a  failure  and  cracks  cannot  he  detected  at  other 
roots  one  must  suspect  some  local  abnormality  in  that  vicinity  (k).  This  might 
he  corrosion  or  some  local  machining  defect  or  an  inclusion  in  the  metal  (o). 
These  defects  may  he  characterised  hv  verv  clear  localised  'eyes'  to  fatigtie 
crack  where  one  would  otherwise  have  expected  the  stress  to  he  relatively 
uniform  along  the  tooth  root  fillet. 

The  basic  metal lurglcal  characteristics  of  the  metal  are  important  hut  it  is 
necessary  to  check  the  properties  of  the  area  adiacent  to  the  failure  as  well 
as  the  bulk  properties.  Local  hardness  deviations  have  been  found  in  a  number 
of  cases  (1).  Sometimes  these  may  he  diffictilt  to  explain  hut  there  are 
several  mechanisms  which  recur  more  often  than  they  should.  The  root  surface 
may  have  been  decarhurlsed  leaving  a  thin  low  fatigue  strength  layer  ideal  for 
initiating  cracks.  A  second  reason  for  low  hardness  material  may  he  that  the 
tooth  grinding  has  removed  a  lot  of  the  case  depth  (ml.  This  has  a  double 
effect  in  that  the  material  is  intrinsically  of  lower  fatigue  strength  and  in 
addition  the  cha racte r i s t i c  compressive  stresses  induced  hv  the  hardening 
orocess  will  also  he  reduced, 

the  fracture  surface  shows  changes  in  the  propagation  rate  it  mav  ho 
possible  to  read  a  time  history  of  crack  development  related  to  starting  cvrles 
perhaps.  Tt  Is  not  infrequently  found  that  -'lectrir  motors  exhibit  verv  high 
accelerating  torques  which  can  he  In  excess  of  the  fatigie  limit  torques  (ml, 
'^ther  abnormal  torque  onditinns  might  he  important  stich  as  running  on 
transmission  system  resonance  conditions  (pi. 
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Whilst  rim  hoop  stresses 
rims  to  contain  stresses 
for  this  but  some  are  as 


have  been  mentioned 
for  other  reasons, 
follows  (q):- 


prevlously  It  Is  possible  for  gear 
There  are  probably  many  reasons 


a> 


planet  pinions  where  roller  bearings  act 


internally  on  the  rim; 


hi  spoked  gears  where  the  twisting  moment  locally  distorts  the  rim; 

cl  high  speed  gears  where  centrifugal  stressing  can  become  important. 

When  a  tooth  falls  as  a  series  of  small  fragments  rather  than  as  a  single  piece 
fr)  it  can  be  a  sign  of  very  had  face  alignment,  although  there  Is  also  the 
possihlity  that  it  may  imply  a  failure  from  surface  Initiated  damage. 

It  Is  always  Important  to  consider  whether  any  other  parts  of  a  system  show 
characteristics  that  could  support  particular  hypothesis.  If  perhaps  a  single 
tooth  has  failed  with  no  evidence  of  any  other  teeth  being  damaged  on  the  same 
gear,  one  might  suggest  a  sudden  overload.  In  such  cases  the  pitch  checking  of 
other  gears  In  the  system  may  show  errors  that  were  all  caused  by  the  same 
event  (si.  Some  couplings  and  freewheel  systems  can  also  show  overload 
evidence. 


hlSCUSSION  ON  TOOTH  CONTACT  FATIOUK  OUF.STIONS 


One  characteristic  of  tooth  contact  fatigue  is  that  the  damage  to  one  surface 
can  leave  the  other  almost  unmarked.  Again  the  question  of  where  the  damage  is 
observed  may  be  significant  In  different  ways,  dear  alignment  may  cause  the 
damage  to  be  concentrated  to  one  end  of  the  facewidth.  But  this  Is  not 
necessarily  the  only  reason  for  damage  at  one  end:  cases  have  been  known  where 
the  material  hardness  has  differed  significantly  along  the  length  of  a  pinion. 
Surface  finish  can  differ  across  the  facewidth  with  some  production  metliods  or 
there  may  be  a  considerable  temperature  gradient,  either  of  which  might  provoke 
assymetrlc  damage. 

Circumferential  variation  of  damage  may  also  he  found  which  can  Indicate 
hardness  variation  again,  although  a  streak  of  inclusions  due  to  dirty  steel 
may  give  rise  to  a  hand  of  contact  fatigue  damage  which  can  run  axially  across 
helical  teeth. 

Pitting  tends  to  predominate  as  a  failure  mechanism  on  through -hardened 
materials  hut  with  harder  clean  steels  there  tends  to  be  less  of  the  classical 
pitting  damage.  Contact  fatigue  often  becomes  associated  witn  local  debris 
damage,  perhaps  due  to  local  case  cracking  in  case-hardened  gears.  Very  bad 
surface  finish  can  also  provoke  such  damage,  as  can  large  sub-surface  defects 
due  to  Inclusions  or  high  case-core  interface  stresses,  thi  latter  are  usually 
associated  with  inadequate  heat  treatment  procedures,  these  may  also  he 
associated  with  thin  cases  where  case-crushing  and  exfoliation  or  remov'al  of 
the  surface-hardened  layer  may  also  be  found. 

The  fatigue  susceptabi 1 1 ty  of  a  surface  may  he  Increased  by  local  shear 
stressing  caused  by  scuffing  damage.  This  may  have  been  relatively  minor  in 
the  lubrication  breakdown  sense,  hut  the  local  high  traction  forces  associated 
with  the  minor  contact  welds  subsequently  fail  hy  pitting.  Another  factor 
which  can  be  a  precursor  to  pitting  is  mi  crop i 1 1 i ng .  Here  a  very  fine  scale 


TOOTH  CONTACT:  FATTf^l’F  OFFSTTONS 


CHART  B 


a')  Arf  the  pits  in  similar  areas  on  each  tooth'^ 

Ts  there  ptrrinp  -^ama^^e  on  both  wIum'I  and  pinion? 

o')  the  answer  to  f'h)  is  "yes”,  are  the  damap.ed  areas  in  contact  with  one 

another? 

d)  Are  the  pits  in  the  dedenda  only? 

o’)  Ts  the  apex  of  the  pit  in  an  area  which  has  a  modified  surface  appearance'^ 

f)  What  was  the  original  surface  finish  like? 

gl  Was  the  luhrlrant  viscosity  appropriate  for  the  operating  conditions? 

hi  Ts  there  any  evidence  of  water  in  the  oil? 

11  If  the  gear  is  case  hardened,  is  the  case  depth  adequate^ 

i)  When  a  flake  reacht'S  the  edge  of  a  tooth  does  the  crack  tend  to  follow  a 

case-core  interface’ 

kl  Foes  the  fatigue  development  pattern  originate  from  a  sub-surface  defect? 

l)  Are  there  many  large  non-metallic  inclusions  in  the  steel? 

m)  Is  Che  pit  size  larger  or  smaller  than  the  i nstantaneous  Hertzian  contact 
zone  width? 

nl  Could  the  pits  have  developed  from  an  earler  sc»iffing  of  the  surfaces 
Hook  at  both  pinion  and  wheel)? 

ol  How  long  have  the  gears  operated? 


i|-7 

contact  fatigue  is  Involved  where  the  size  of  the  individual  pits  is  too  small 
to  he  easily  resolvable  by  the  naked  eye.  Such  pits  are  usually  an  order  of 
magnitude  smaller  than  the  width  of  the  Hertzian  contact  zone  or  even  less, 
whereas  conventional  pits  are  comparable  in  size  to  the  Hertzian  contact  zone 
or  even  larger. 

The  lubricant  can  play  a  significant  part  in  provoking  pitting  damage.  The  use 
of  low  viscosity  oils  where  higher  values  should  have  been  selected  is  a  fairly 
common  explanation.  Another  factor  known  to  aggravate  pitting  damage  in 
otherwise  satisfactory  lubrication  conditions  is  the  presence  of  water  in  the 
oil.  A  gearbox  is  frequently  subject  to  quite  wide  temperature  cycling  and  on 
cooling  down  can  draw  moisture  laden  air  into  the  rasing.  This  can  condense  on 
the  cold  metal  and  the  water  droplets  so  formed  will  run  down  under  the  oil 
into  low  recesses.  Subsequent  operation  of  the  gears  breaks  up  the  globules 
hut  when  they  get  between  the  gear  teeth  they  do  not  have  the  pressure 
coefficient  of  viscosity  that  oil  has  and,  in  consequence,  cannot  form  a 
separating  film  between  the  teeth.  Such  local  areas  may  have  high  friction 
which  provokes  contact  fatigue  directly  or  they  may  give  rise  to  minor  scuffing 
areas  which  then  fatigue  in  the  the  manner  mentioned  previously. 

niSrUSSTON  ON  TOOTH  CONTACT  MICROPTTTrNG  OlfFSTIONS 


Microplttlng  is  a  surface  fatigue  failure  which  is  also  known  by  the  names 
’frosting*  or  ’grey  staining’.  It  is  characterised  by  the  fact  that  the  sizes 
of  the  pits  are  very  small  In  comparison  with  the  size  of  the  Hertzian  contact. 
They  are  usually  associated  with  the  peaks  of  the  surface  topography  in  their 
early  stages  but  the  pit  depth  is  only  a  fraction  of  the  peak-to-va lley  height. 

In  its  own  right  the  apparent  Improvement  in  surface  finish  might  be  thought  to 
be  beneficial,  however,  from  this  Initiating  damage  can  develop  failures  that 
look  similar  to  any  of  the  classical  forms  of  tooth  damage.  It  is,  therefore, 
most  Important  to  recognise  the  true  origin  of  a  failure  If  design  improvements 
are  sought.  The  full  understanding  of  the  failure  process  Is  still  under 
investigation  but  Che  observation  of  the  failure  characterist Ics  can  sometimes 
explain  differences  between  successful  and  unsuccessful  examples  of  the  same 
gear  design. 

Where  the  damage  is  found  (a)  can  show  local  'edge  of  contact*  area  problems, 
perhaps  Inadequate  tip  relief.  Although  with  correctly  designed  gears  the 
damage  is  more  usually  found  in  the  dedenda  of  the  teeth.  The  pattern  of 
damage  can  vary  considerably  from  tooth  to  tooth  or  may  he  relatively 
consistent  according  to  the  characteristics  of  the  mating  siirfaces.  Sometimes 
it  Is  only  found  on  one  of  a  meshing  gear  pair.  This  tisua'’ly  indicates  a 
hardness  differential  between  them.  When  it  occurs  on  both  members  it  seldom 
affects  both  parts  of  an  instantaneous  contact  area  (h). 

‘Surface  finish  characteristics  can  vary  from  root  to  tip  on  a  tooth  flank  and 
may  be  responsible  for  damage  being  confined  to  either  addendum  or  dedendum. 

Tf  a  patch  of  damage  bridges  the  pitch  surface  of  the  gears  the  appearance  will 
change  abruptly  at  the  pitch  line  since  the  angle  of  the  microcracks  changes 
with  the  sliding  direction.  However,  a  bright  or  dull  stained  appearance  can 
indicate  active  and  developing  damage  ni  t)i<t  and  itierL  damage  (d),  whilst 


•^OOTH  CONTACT:  MICROPITTING  QUESTIONS 


CHART  C 


a')  Where  is  the  damage  found? 
h>  Is  it  on  both  pinion  and  wheel? 
c  Does  It  occur  in  both  addendum  and  dedendum? 

d')  Has  the  damage  a  bright  or  dull  appearance? 

o')  What  was  the  nature  of  the  original  surfaces’ 

^  Has  anv  surface  treatment  been  used? 

e''  At  what  temperature  has  the  unit  operated'’ 

What  tvpe  of  luhrlcant  was  being  used? 

’ Which  manufacturer  produced  the  particular  lubricant? 
Mad  rhe  lubricant  been  changed’’ 

H'-'W  long  had  the  unit  been  operating'’ 

; Were  the  gears  spur  or  helica’’’ 

'  Mas  significant  erosion  occiirr^d’ 

•' ''  What  has  happened  to  the  debris’’ 
i  Magnetic  plugs  . 
fti  Filters. 

iiil  Magnetically  active  darl^  film. 


X 


ar^ox  ovorha\i1s  may  observe  the  oTH  stained  appearance  it  is  not  unusual  for 
assemblv  to  initiate  a  reawakening  of  the  damage  process.  Changes  in 
inding  wheel  tvpe  or  machine  process  can  bring  about  variation  in  a  design 
sceptahlHtv  to  this  tvpe  of  damage  (e). 

art  from  the  basic  manufact\^ring  methods,  surface  treatments  can  lead  to 
mage  of  this  nature.  Phosphate  anti-scuffing  processes  are  particularly 
one  Co  render  the  surfaces  more  sensitive  to  mlcropiCting  (f)«  Shot  penning 
tooth  roots  may  cause  scatter  penning  of  the  flanks  and  initiate  areas  of 
cropitting.  Since  surface  roughening  makes  things  worse  it  also  follows  that 
proved  oil  film  thickness  can  reduce  the  damage.  Thus  changes  in  oil 
scositv  may  alter  the  cha racter i s t i cs .  This  mav  mean  altering  the  tvpe  of 
1  used  or  modifying  the  operating  temperature  which  can  he  equally  beneficial 
as  far  as  film  thicknesses  are  concerned  (g/h).  l/hllst  viscosity  is  the 
St  obvious  variable  It  has  been  found  that  oils  produced  to  a  common 
pciflcatlon  by  different  manufacturers  can  have  major  differences  in 
erational  characteristics.  Presumably  the  local  asperity  frictional  forces 
n  he  modified  by  additive  differences  (i/i'l. 

e  types  of  damage  developed  can  relate  to  whether  the  teeth  are  of  spur  or 
lical  form.  Spur  gears  are  more  prone  to  erosive  wear  damage  by  micropitting 
nee  the  motion  errors  produced  by  the  damage  Increase  dynamic  loading  and 
celerate  the  process  further.  With  helical  teeth  significant  erosive  damage 
sometimes  found  hut  the  helical  cha rac t e r i s t i cs  preserve  the  motion 
f^ormity  (1/m). 

list  most  of  our  interest  is  concerned  with  the  effect  on  the  teeth 
emselves  it  is  also  Important  to  consider  what  happens  to  the  material 
Tioved  from  the  tooth  flanks  (n).  “tbe  very  small  size  of  the  fragments  often 
Iv  a  few  microns  across  by  a  fraction  of  a  micron  thick  means  that  this 
hrls  can  he  easlW  transported  bv  the  oil.  Many  filters  have  pore  sizes 
rough  which  it  can  pass.  The  particles  are,  however,  often  large  enough  to 
(dge  the  oil  film  generated  in  rolling  contact  hearings  and  may  he 
sponsible  foi  life  reductions.  Sometimes  the  debris  is  retained  as  a 
?net1ca11y  adherent  film  on  other  steel  components.  ’Magnetic  sludge*  can 
:en  he  micropitting  dehris. 


irpsSION  ON  TOOTH  OONTACT  LUBRICATION  FATi.URE  OHESTIONS 


•  two  previous  sets  of  questions  have  related  to  relatively  simple  fatigue 
'Cesses  associated  with  gear  tooth  operation.  The  mechanism  of  oil  film 
lur--  may  he  far  more  complex  and  is  certainly  less  easilv  understood.  Many 
■ms  of  damage  may  he  observed  and  attempts  are  sometimes  made  to  subdivide 
damage  by  terms  such  as  scuffing,  scoring,  ridging,  rippling  etc.  This 
ses  unnecessarv  difficulties  in  trying  to  identify  which  form  of  damage  one 
on  a  particular  set  of  components;  demarcations  hetwcc*n  these  effects  are 

V  indistinct.  The  first  essential  factor  to  look  for  is  that  both 
taettng  areas  will  show  similar  damage  effects  (a).  this  may  influenced 
differential  hardness  so  that  sometimes  friction-welded  lumps  of  softer 
erial  are  smeared  over  the  face  of  a  harder  tontli  as  ridges  running  up  the 
th  height.  Correspondlnglv  there  will  be  grooves  and  perhaps  evidence  of 

n  areas  from  which  the  metal  has  been  plucked.  Tht-  uepLo  of  damage  can  '^ary 

V  considerably  hut  the  magnitude  of  the  sliding-to-rolling  action  on  the 
th  and  the  material  characteristics  are  probably  the  factors  that  most 

1 uence  this. 


New  technologies  which  could  be  used  were: 

Mg  casting  for  the  housing  with  a  minimum  thickness  of  7  nw 
ESU  steel  for  the  gears 

®  Special  aircraft  bearings  with  vacuum  degassed  steel. 

In  1 9// this  design  has  to  be  changed  in  o’- '^r  to  allow  higher  power  level  and  to  increase  the  TBO 
(picture  3). 
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Picture  3: 

FS  72  8  Transmission 


At  that  time  only  minor  changes  in  the  inner  parts  of  the  transmission  were  performed  {bearings  with  higher 
capacity,  the  width  of  the  bearings  etc.l  but  the  same  technology  was  used. 

MCP  =  2  X  350  PS 
OEI  =  1  X  385  PS 


Picture  4:  FS  112  Transmission 

In  1977a  redesign  was  necessary  because  the  power  level  had 
to  be  increased  drastically  (picture  4).  At  that  time  new 
advantages  in  technology  could  be  used: 

®  Mg  castings  with  a  minimum  thickness  of  5  mm 

*  New  special  aircraft  bearings  with  integrated  fixing 
devices,  vacuum  melted  steel  and  optimized  load 
carrying  capacity 

Use  of  titanium  for  shafts  and  for  the  planetary 
carrier 

“  Dual  oil  lubrication  systems- 


DEVELOPMENT  OF  DRIVE  SYSTEMS 


The  introduction  of  new  technologies  in  the  pabt  ?0  years  had  a  strong  positive  influence  on  the 
development  of  the  drive  systems,  mainly  on  main transmi ss ions  of  helicopters. 

This  product  improvement  tendency  is  demonstrated  in  the  following  by  the  example  of  a  light  multi¬ 
purpose  twin  engined  helicopter. 

The  development  of  the  transmission  for  this  two  ton  class  helicopter  began  in  1962. 

The  design  objectives  for  this  program  were; 
power  ratings  of  MCP  =  ?  x  250  PS 

OEI  =  lx  300  PS 

Pictu'‘e  1  shows  technical  details  of  the  design,  which  uses  all  xnown  technologies  at  that  time, 
which  were: 

°  Mg  Alloy  casting  for  the  housing  with  a  miniiiium  thickness  of  8  mm 

°  Standard  bearings  of  the  normal  industry  production  with  aircraft  standard  documentation 
*  Normal  gear  steel 


Picture  1 : 

FS  7?  Prototype  Transmission 
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Picture  2: 

Schematic  drawing  of 
the  Transmission 


«> 

Pi'  tijrp  2  shows  s<  hp[')a  ♦  1 1- a  1 1  y  the  fuiKfim  this  T  stage  transmiss  ion .  The  first  stage  is  built  up  with 

hevei  gears  with  a  reduction  rate  of  f.S.  The  sP'ood  s<aqe  is  constructed  ^  a  spur  gear  which  collects  both 
muut  power  trans  ( reduc  1 1  in  rate:  1 .  ' ) .  ’’he  last  sfage  is  performed  as  plafietary  gearing  with  a  reduction 
'■jte  of  A.  Additional  drives  for  fait  rotor,  oil  pump,  hydraulic  pumps  and  blower  are  activated  via  additional 
gears  mounted  on  the  P  fi^s*  stages. 

[n  'gf'^hp  devT?l  jpi'ipnt.  ,jf  the  production  type  transmission  began,  Besidesolher  objectives  the  power  level  was 
increased  by 

Mr  '  -  ;  X  yo  PS 
OF.  I  -  1  X  375  P^ 
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SUMMARY 

With  the  example  of  the  development  steps,  on  a  transmission  usuable  for  a  2  ton  dual  engined  multipurpose 
helicopter  it  could  be  demonstrated  that  new  technologies  improved  drastically  this  product  within  approxi¬ 
mately  15  years.  From  this  result  and  from  a  preview  on  technologies  in  the  future  it  could  be  shown,  that 
transmissions  will  be  further  improved.  The  features  which  will  be  improved  will  change  from  weight  reduction 
and  life  time  increase  to  lower  life  cycle  costs  and  higher  safety.  New  technologies  which  will  mainly 
influence  the  design  are: 

New  or  improved  manufacturing  processes 
*  Use  of  computer  calculation  methods 
Use  of  testing  procedure  knowledge 
Use  of  new  diagnosis  systems 
and  to  a  smaller  amount 
®  new  materials. 

New  designs  will  use  new  technologies,  but  will  also  change  the  overall  layout  for  example  the  available 
engine  power.  To  avoid  unnecessary  disadvantages  the  certification  rules  should  be  updated. 

From  todays  experience  the  area:  dual  engine  with  high  power  reserves,  procedure  for  on  condition  esta¬ 
blishing  and  certification  testing  should  be  improved.  The  optimum  benefit  will  be  achieved,  when  the 
certification  rules  could  be  standardized  for  all  countries  In  the  Western  World, 

It  can  be  concluded,  that  new  aircraft  need  new  technologies  and  modified  existing-  or  new  certification 
rules . 


INTRODUCTION 


In  the  past  25  years  the  progress  in  aircraft  development  was  very  intensive.  This  fact  is  not  only  due 
to  the  advance  in  experience,  but  also  because  new  technologies  could  be  used  step  by  step.  If  we  consider 
the  drive  system  of  helicopters  only,  it  can  be  proven  that  this  component  was  major  responsible  for  the 
general  advantages. 

If  we  look  into  the  future  and  consider  the  enormous  efforts  in  using  new  technologies  all  over  the  industry 
we  can  see  a  good  potential  that  this  trend  will  continue. 

The  existing  certification  rules,  which  have  rising  influence  on  the  use  jf  new  technologies,  were  esta¬ 
blished  in  a  time,  when  helicopters  where  mainly  driven  by  reciprocating  engines.  With  the  experience 
of  already  certified  helicopters  these  rules  were  continuously  amended,  'his  is  one  cause  for  relatively 
general  rules.  The  load  spectrum  for  example,  which  is  important  for  the  design  and  testing  of  the  drive 
system,  practiculary  for  the  transmission,  are  specified  in  order  to  be  .jlid  for  all  helicopters. 

The  consequence  is,  that  in  practice^in  most  cases, drive  systems  will  be  either  over-  or  undersized. 

These  discrepancies  are  well  known  to  the  certi f ication  authorities  and  they  try  to  over  come  this  by 
updating  their  regulations. 


DISCISSION 


Comment:  D.G.Astridge,  UK 

( 1 )  The  claim  lha!  motion  of  the  localised  contact  regicm  in  conformal  gears  is  a  powerful  source  of  noise  generation  is 
not  borne  out  in  our  experience.  Cabin  noise  measurements  made  in  the  Lynx  helicopter  show  that  the  uprated  or 
power-sharing  version  of  the  main  gearbox  is  up  to  9  dB  quieter  than  the  original  design,  whilst  the  conformal 
pinion  support  arrangements  differ  significantly  in  the  two  designs,  and  therefore  any  ioad-shuttling*  influence 
might  be  expected,  in  fact,  most  of  the  difference  is  accounted  for  by  tooth  loading  intensity,  and  follows  iht.  same 
relationship  as  involute  teeth. 

(2)  In  Iwking  for  a  means  of  measuring  TE  at  high  frequency,  a  third  alternative  could  be  considered  —  tnat  of  short 
wave  length  EM  telemetry.  We  have  had  very  good  experience  of  such  torquemelers  produced  by  Ivl-.L  in  the 
harsh  operating  environments  of  testings  and  helicopter  main  rotor  gearboxes  and  tail  rotor  drive  shafts.  To  date 
only  mean  torque  has  been  extracted  from  these  devices,  but  they  have  a  very  wide-frequency  bandwidth  and 
should  be  capable  of  extracting  the  high  frequency  T-E  characteristics  from  this  rugged  and  well  proven  hardware. 

Comment:  RJ.Willis,  US 

Hull  distortion  may  be  due  to  heavy  sea  stales  with  the  hull  driving  the  gearbox  when  the  thrust  bearing  is  heated  near 
the  propeller  at  the  aft  end  of  the  ship.  A  different  distortion  mode  occurs  when  the  gearbox  is  charged  lo  contain  the 
thrust  bearing  and  a  cantilever  type  loading  exists  between  the  centre  line  of  the  propeller  shaft  (or  hull  gear)  and  the 
gearbi^x  foundation. 


Fig.  4;  Excitation  with  tooth  damage,  1  revolution  of  20  tooth  gear. 

giving  accelerations  of  the  order  of  I  g,  the  vibration  level  at  the  bearing  is  likely  to  be  only  about 
0.1%  of  this  and  to  be  lost  in  background  noise.  [There  is  an  additional  bonus  in  that  background  noise 
from  the  remainder  of  the  system  is  likely  to  be  lower  on  the  gears  than  on  the  casing.)  As  yet  this 
postulate  has  not  been  proven  and  it  is,  of  course,  very  much  more  difficult  practically  to  extract  informa¬ 
tion  from  a  rotating  shaft  than  from  a  gearcase, 

HrCH  FREQaENCY  TE  MEASUREMENT 

The  practical  frequency  limit  for  gratings,  as  mentioned  previously,  is  of  the  order  of  1  kHz  even 
when  great  care  is  taken  with  design.  This  limitation,  combined  with  the  necessity  to  have  a  free  end  on 
a  gear  shaft  to  avoid  the  300  Hz  limitation  of  a  belt  drive,  has  resulted  in  many  attempts  to  devise 
systems  which  will  extend  the  frequency  range  and  work  on  a  shaft  to  measure  torsional  vibration  and 
hence  TE. 

Two  types  of  system  appear  to  have  a  chance  of  succeeding:  they  are: 

(i)  Magnetic  track  systems.  These  lay  down  a  regular  wave  on  either  a  magnetic  film  which  is 
part  of  the  gear  or  upon  a  separate  magnetic  tape  which  is  then  stuck  on  the  gear.  A  tape 
head  near  the  track  should  give  a  steady  sine  wave  if  the  gear  velocity  is  constant. 

(ii)  Accelerometer  systems.  These  use  two  matched  accelerometers  mounted  tangentially  to  measure 
torsional  acceleration  of  a  shaft  or  gear.  Slip  rings  or  telemetry  are  required  to  transmit 
the  signal  from  the  rotating  shaft. 

Although  either  system  appears  straightforward  there  are  very  great  difficulties  in  practice  and 
a  satisfactory  result  has  not  yet  been  obtained  but  research  is  proceeding  on  this  topic  so  that  techniques 
should  be  available  for  the  next  generation  of  aircraft  gearboxes. 

rt  should  however  be  observed  that  both  systems  are  capable  of  giving  false  information  since  even 
if  a  system  succeeds  In  measuring  torsional  vibration  correctly,  this  is  of  little  help  if  the  system  is 
accommodating  TF.  principally  by  lateral  vibration. 

At  the  high  frequencies  of  interest  in  condition  monitoring,  a  gear  pinion  or  wheel  can  no  longer  be 
considered  as  a  rigid  body.  Lin<ler  these  c:i rcumstances ,  local  deflections  will  be  measured  and  there  is  a 
iifference  in  that  the  magnetic  track  approach  rea<1s  the  local  track  movement  at  a  fixed  point  in  space 
whereas  the  accelerometers  vary  in  position. 

I'oNrr.ffi  fON.S 

Measurement  of  TE  is  a  very  powerful  weapon  in  any  gearbox  development  where  noise  is  of  importance 
and  can  useful  information  on  evenness  of  tooth  loading  and  hentre  alignment  iccuracies  and  strength. 

The  use  of  TE  or  torsional  vibration  measurement  f«>r  condition  monitoring  can  be  argued  theoret i ca 1 1 y 
has  not  been  proven  practically  and  presents  di  f  f  irult  les. 

The  frequency  and  access  limitations  of  existing  grating  systems  restrict  their  use  to  helicopter 
gearboxes  but  the  TE  approach  will  extend  to  higher  speeds  for  turboprop  dev*;-] o,>fnent  eventually. 
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length  of  line  of  contact  between  the  teeth  and  by  obtain¬ 
ing  an  even  distribution  of  load  along  that  line.  The  ........ 

normal  test  for  consistency  and  length  of  contact  line  is  V\a . .  ' 

the  bedding  check  but  this  is  only  reliable  to  about  ’**  yVA*”  i  *  *  ' Ti.LLAM' J  i-  _ 

5  micron  and  is  usually  carried  out  at  light  load  only,  147  .  _ _ -l~^- 

It  is  possible  to  have  a  gear  drive  which  has  good  .  ^  :  ■  ..  .  . 

bedding  and  so  a  good  low  speed  stress  distribution  but 
has  a  poor  TE.  Conversely  it  is  pvossible  to  have  a  good 
TE  with  very  high  local  stresses  and  a  poor  bedding 

pattern;  this  can  occur  with  a  helical  mate  which  ha.s  good  J22 

profile  match  but  poor  helix  match.  , 

Highly  loaded  gears  in  aircraft  have,  unlike 
marine  gears,  a  facewidth  of  slightly  over  a  single  axial  I 

pitch  with  a  relatively  low  helix  angle.  Such  a  drive,  ; 

when  in  good  alignment,  will  have  an  extremely  low  trans-  gg  I 

mission  error  due  to  the  averaging  effects  of  the  helix 
but  the  observed  once  per  tooth  error  will  increase  as  the  Output 

gears  are  misaligned.  Figure  3  shows  an  exaggerated  case  Torque  _  ' 

of  this  occuring  in  an  automotive  gearbox;  at  about  one  (Nm)  ' 

third  of  full  load  the  alignment  was  good  and  excitation 
small  but  at  higher  or  lower  loads  there  were  large 
increases  in  the  once-per-tooth  excitation  component. 

There  is  correspondingly  a  link  between  the  magnitude  of 

the  observed  dynamic  TE  or  vibration  and  the  consistency  -  - 

of  load  intensity  across  the  width  of  the  gear.  As  the 
load  moves  towards  either  end  of  the  teeth  the  TE  will  j 

increase  provided  that  the  gear  was  originally  designed  I 

w»n.  ^3  ■ 

There  is  a  paradox  in  testing  helical  meshes  in  _ 

this  way  because  a  badly  designed  gear  will  not  show  this  “  _  _ 

effect  but  a  gear  designed  for  even  loading  acro'-s  the 
facewidth  will  show  it.  If  a  gear  has  been  crov  od  ' 

because  of  poor  gearcase  design  or  assembly  uncertainties  37 

then  TE  will  be  very  high,  giving  high  vibration  levels, 
and  will  not  vary  significantly  with  alignment.  An  even 
loading  will  give  much  lower  vibration  excitation  which  ,  , 

will  vary  with  misalignment.  Crowning,  though  used  widely, 
carries  penalties  for  both  noise  and  increase  of  gearbox 
size  and  weight.  24 

The  method  of  testing  in  the  case  of  a  helical  Output 

mesh  is  to  establish  the  level  of  TE  under  full  load  and  Torque 

optimum  alignment;  this  can  be  done  by  testing  a  'good'  (Nm) 

gearbox  or  varying  alignment  in  a  rest  rig  and  should  give 
a  dynamic  TE  of  well  below  5  microns  peak  to  peak.  Once  .  j 

the  target  figure  has  been  set,  checking  production  gear 
drives  is  then  very  rapid  and  those  which  fail  can  be 
diverted  for  realignment. 

Problems  arise  as  in  testing  for  noise  purposes  if  | 

operating  speeds  are  high  or  if  epicyciic  load  sharing  I 

systems  allow  movement.  ®  ' 

CONDITION  MONITORING 

Input 

Condition  monitoring  techniques  for  gear  failure 
attempt  to  detect  the  initial  stages  of  either  progressive 
pitting  or  of  cracking  of  teeth.  in  both  cases  the 

expectation  is  that  the  TE  which  is  generating  the  'normal'  Fig.  3:  variation  of  TE  with  load  torque 

vibration  will  have  an  additional  impulse  imposed  at  the 

position  corresponding  to  the  faulty  tooth.  The  resulting  excitation  may  have  the  form  sketched  in  Fig.  4 
where  there  are  pitch  errors,  a  regular  once-per-tooth  and  an  additional  hijh  peak. 
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Th?  standard  procedure  is  to  mount  an  accelerometer  on  a  bearing  housing  and  to  analyse  the  vibration 
at  this  point.  However  vibration  at  the  bearing  housing  has  already  been  filtered  mechanically  in  travelling 
from  the  mesh,  which  is  the  source  of  vibration,  through  the  resonant  systt n  of  gear  inertias  which  are 
mounted  on  elastic  shafts  and  bearings.  These  resonances  are  rarely  above  1  kHz  and  so  tend  to  filter  out 
the  high  frequency  ctxnponents  which  are  most  likely  to  give  information  on  small  defects.  In  contrast  the 
most  effective  monitoring  techniques  for  rolling  bearings  use  vibrations  of  the  order  of  20  kHz  (5l. 


There  is  thus  an  argument  to  suggest  that  damage  to  gear  teeth  will  be  detected  earlier  or  more 
effectively  if  vibration  measurements  are  made  on  the  gears  near  the  source  rather  than  on  the  gearcase. 
If  we  take  a  particular  typical  case  and  assume  a  tooth  frequency  of  1  kHz  and  a  pinion  mass  of  10  kg 
on  a  combined  lateral  restraint  stiffness  of  2  10®  N/m  the  important  natural  frequency  (ignoring  all 

other  effects)  will  be  of  the  order  of  700  Hz.  In  more  complex  cases  a  full  analysis  can  be  used  !3I 
but  is  rarely  needed. 


Damage  to  a  single  tooth,  as  in  Fig.  4,  is  likely  to  be  easiest  detected  at  high  frequencies  of 
the  order  of  15  kHz  and  although  the  displacements  involved  at  the  to< th  may  be  of  the  order  of  O.OOl  micron, 


Accuracy  IS  hiqh,  effectively  of  the  order  of  0.2  seconds  of  arc  at  once  per  tooth  frequencies 
cor  r  <>spond  1  nu  to  micron  at  a  radius  of  0.25  m  and  is  more  than  adequate  for  all  but  large  marine  gears, 

opt’f’d  limitations  arise  principally  due  to  limitations  of  the  electronics  but  these  ca..  be  overcome 
rclanvoly  easily-.  Frequency  limitations  on  the  system  arise  principally  from  torsional  oscillation  of  the 
grating  on  its  shaft  and  flexible  drive  system  and  restrict  the  use  of  gratings  to  frequencies  of  the  order 
of  toOO  Hz  [2l.  This  assumes  that  there  is  a  free  shaft  end  from  which  the  grating  head  may  be  driven  on 
both  input  and  output  gear. 

Ideally  TE  should  be  measured  at  low  speed  to  eliminate  dynamic  resonance  effects,  with  the  gears 
in  ;.>osition  in  their  casing  and  with  full  torque  on  the  system  so  that  all  gear  and  box  deflections  arc 
ropresentat ive. 

I'ni-e  the  gears  are  in  position,  measurement  is  rapid  and  all  the  information  required  is  obtained 
in  a  minute  o.  two,  unlike  conventional  testing  which  takes  a  long  time  and  uses  skilled  labour.  Figure  2 
shows  a  typical  trace  obtained. 


Fig.  2:  TF  trat'e.  Full  scale  is  i  minutes  of  arc  error,  or  45  microns  at  50  mm  radius, 
p  IS  ore  p'.tfh,  ;.e.  1  tfjoth. 
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TU'i'iiiir,  Frr'T  is  of  most  direct  use  -when  noise  and  vibration  are  under  investigation 

’ll  icsignc'i  1  f' VI  ■  1  1 1  e  gear  drive  it  is  the  vibrating  part  of  the  TR  whii'h  is  the  major  vibration 

I'd.i  tiT:  of  IF  will  rclui-o  vilirit’ion  .or  respond  i  ng  1  y .  This  does  not  apply  for  Wi  Idhaber-Novi  kov 

*h»-re  IS  ad'l  1  t  i nna  1  [>owerful  noise  generation  at  once-per-tooth  frequency  and  harmonics 

ru'svetv.f’  n’l ’vemen  t  s  i>f  th'«  centre  of  pressure  in  the  mesh  |3l.  This  gives  the  effect  of 

'Si-i  1  ;  ir'U  tcrgje  the  gear  and  there  is  no  effective  way  of  compensating  for  this  vibration 


Helicopter  final  dri'/r-is  are  'ralitiiina 
ric-1  ,)'it  by  isirg  TF  chc,.- k  i  r.g .  f,,fu-'’pt 
■■•nd  I'f  I'Mi’h  shaft  "free"  so  tf-.a*  it  i 

>’'•<  .,nder  fuM  torque  iv.-er  a  range  <> 

t  int.’rnal  ilyr'im  i  cs  i.f  the  qc.irbox  ( 

IS  arj  ...  1  •’ t  . -r  ira  *■  1  c.p  i- m  le  ■  bt  a  i  n 

•i  •  .-m  g,  i.>  s  c  f.-c  t  '  -op,'  M  •  1  i  r  go  v 


llv  very  noisy  and  development  of  quieter  drives  can  only 
innal  tortpjo  splitting  dt  i  o  systems  and  bevel  drives  usually 
s  possible  to  circulate  power  through  a  hack-f.o-back  test  rig 
I  speeds.  This  will  give  information  on  the  mesh  smoothness 
'll.  Tfie  tr>oth  frequencies  involved  are  within  the  range  of 
b  ti'  full  speed.  In  operation,  loads  vary  very  little  so  that 
irt  itiiins  of  either  speed  or  torque. 


■isirih'!  [itfh,  helix,  profile,  case  accuracy  and  system  distortion 
’ !  r .) !  It  *  I ‘-s  »ba»  'he  end  result  is  very  inaccurate.  Each  of  the  5 
ns  r.,  f  >|C  final  result  at  once  f>er  tooth  of  l»-ss  than  5  microns. 


•;i  -•  presents  pr  'bl'-ms  x-ci.rs  if  the  final  drive  unit  is  a  conventional  epicyclic 
I sp,i<  e  very  lirnited  wittiin  the  ge.irl>ox  but  it  is  not  usually  possible  to  get 
ir.e  ‘bey  run  nv.  ri«  .n-r  ot  a  t  i  ng  shafts  fixed  to  the  planet  carrier.  Measurement  of 
‘pit  <if  tj,c  drive  IS  a  whcle  is  not  very  informative  as  the  effects  of  several 
f'le  gearb'ix  is  usually  designed  to  distort  dynamically  to  give  even  load  distribution. 


ritbcpr"p  redj'  ti’H  -lea  r  I'oxe  s  r  jn  at  higher  speeds  with  tooth  frequencies  which  are  normally 
ibi'-.-e  1  S'  if  IS  nut  piS'iible  to  ,  gratings  at  full  speed.  On  a  test  r.g  it  is  possible  to  run  the 

g^’anf"  X  at  full  t.irqgo  .ind  low  enough  speeds  to  fall  within  the  range  of  gr.atings  hut  there  are  problems, 
ft  IS  iiffi  -lit  to  duplicate  the  engine  restraint  systems  or  the  external  loads  imposed  by  a  propeller  and 
t ‘.e  t)otfi  surfaces  may  scuff  if  run  at  high  loads  and  low  spee<ls.  As  in  the  case  of  helicopter  gearboxes, 
epi  y-lic  Irives  present  problems  <lue  to  rotati<5n,  lack  of  access  and  para'le.  paths.  Any  test  rig  must 
also  lie  designed  so  that  the  return  power  path  is  torsion.illy  much  more  flexible  than  the  test  gearbox  to 
-'osire  that  a  measuring  system  is  recording  gearbox  TF.  and  not  the  TF  of  the  return  path. 

Despite  the  rathei  launting  problems  and  limitations  of  TR  measurements  there  is  little  doubt  that 
'hey  mis'  be  used  more  in  the  future  as  <inly  measurement  of  TE  will  give  an  accurate  and  fundamental  check 
on  the  cause  of  the  gear  noise. 


At  first  sight  there  is  no  valid  reason  for  using  TF.  measurement  for  checking  or  improving  the 
’rgue  capacity  of  a  gear  drive  since  it  gives  solely  information  on  the  smoothness  of  the  drive.  tn 

ras' ,  neglecting  dynamic  effects,  maximum  torque  from  a  given  design  is  achieved  by  obtaining  maximum 


TKANSMISSII>N  ERROR  MEAoUREMENTS  IN  GEARBOX  DEVELOPMENT 


J  D  Smith 

University  of  Cambridqe,  Department  of  Engineering,  Cambridge  C82  IPZ 


S'iMMARY 


There  is  a  requirement  to  test  gears  for  initial  development,  for  production  monitoring  and  for  con¬ 
dition  monitoring  in  service.  Traditionally  the  first  two  have  been  carried  out  by  a  combination  of 
profile,  helix,  pitch  and  bedding  checJts  and  the  third  by  measuring  vibration  at  bearing  housings. 

Gear  drives  in  aircraft  applications  present  difficulties  in  checking  due  to  high  distortions  in  the 
light  weight  gear  cases.  The  use  of  transmission  error  (single  flank)  checking  can  give  usefu)  information 
on  accuracy  of  alignment  in  gearboxes  as  well  as  fundamental  noise  generation  information.  Problems  arise 
with  attempts  to  use  grating  systems  in  turboprops  but  helicopters  have  tooth  frequencies  in  a  suitable  range. 

INTRODUCTION 

There  are  usually  three  stages  in  the  production  of  gearboxes  where  it  is  advisable  to  check  the 
characteristics  of  the  gears.  The  first  occurs  during  initial  development  of  the  prototype  gearbox,  the 
second  as  a  routine  check  on  the  production  line  when  it  is  mainly  to  control  the  consistency  of  manufacture 
and  the  third  occurs  when  the  vibration  of  a  gearbox  is  monitored  in  flight  as  a  safety  check. 

Until  relatively  recently  the  methods  of  gear  checking  were  limited  to  measurements  of  the  geometry 
of  the  individual  gears,  i.e.  the  classical  measurements  of  profile,  helix  and  pitch  and  a  bedding  check 
whose  function  was  to  confirm  that  contact  occurred  over  the  greater  part  of  the  tooth  face.  Transmission 
error  is  now  used  increasingly  in  all  branches  of  gear  work  and  is  an  extremely  fast  method  of  checking 
smoothness  of  drive;  it  is  defined  as  the  difference  between  the  actual  angular  position  of  the  output  gear 
and  the  position  it  should  have  occupied  if  the  drive  were  perfect  and  rigid. 

Helicopter  and  turboprop  gear  drives  differ  from  most  industrial  gearboxes  in  that,  due  to  weight 
limitations*  their  gearcases  are  extremely  flexible.  This  alters  the  balance  of  deflections  under  load  so 
that  whereas  in  a  well  designed  "normal"  gearbox  it  may  be  assumed  that  relative  movements  of  the  shaft 
centrelines  are  small  compared  with  tooth  deflections,  this  is  not  true  for  airborne  gearboxes.  Ships 
gearboxes  may  encounter  similar  problems  but  this  is  more  likely  to  be  due  to  hull  distortion. 

TRANSMISSION  ERROR  MEASUREMENT 

Transmission  error  measurement  (sometimes  called  single  flank  chec)(ing)  is  dominated  by  the  use 
of  circular  gratings  and  is  usually  carried  out  at  the  manufacturing  inspection  stage.  A  gear  may  be 
mated  with  a  master  gear  but  for  precision  work,  due  to  the  effects  of  tolerance  combinations,  it  is 
usual  to  test  a  gear  with  its  mating  gear. 

An  accurate  grating  with  typically  a  line  every  minute  of  arc,  i.e.  21,600  lines  per  revolution, 
is  attached  to  the  input  gear  which  is  driven  at  a  steady  speed  of  about  3  rpm.  The  sinusoidal  light 
variation  from  the  grating  with  its  fixed  matching  index  grating  is  converted  to  a  string  of  pulses  at 
exactly  one  per  minute  of  arc.  This  string  of  pulses  is  then  multiplied  and  divided  electronically  by  the 
gear  ratio  to  give  the  steady  string  of  pulses  that  would  be  expected  at  the  output  if  the  gear  drive  were 
perfect. 

Phase  comparison  of  the  actual  and  expected  strings  of  pulses  from  the  output  gear  grating  gives  the 
variation  of  phase  and  hence  of  the  transmission  error  (1).  Figure  1  is  a  block  diagram  of  the  system. 


Fig.  1:  Transmission  error  test  system  using  ratings 


problem  of  sharing  Che  total  losses  between  the  two  boxes.  The  solution  p*'esented  envolves 
a  calorimetric  procedure  with  the  sprinkling  of  cooling  water  and  measurements  of  its 
flow  rate  and  temperature  rise.  Assuming  an  error  of  1  5%  on  the  losses  distribution 
between  the  two  boxes  and  for  the  same  referred  numerical  values  Tournier  r e i vind ic a t es 
an  improvement  of  four  to  five  times  over  the  accuracy  of  a  single  box  test  and  the 
author  also  suggests  its  use  for  rear  axles  efficiency  measurements.  It  is  not  clear  how 
the  referred  value  of  t  5%  was  obtained  but  if  Che  previous  statement  is  confirmed  this 
was  a  possible  solution  for  the  problem,  with  Che  benefit  of  improved  accuracy.  Another 
efficiency  analysis,  but  regarding  helicopter  transmission,  was  recently  presented  by 
Mitchell  and  Coy  IS].  In  this  case  the  similarity  with  the  procedure  referred  in  l4| 
consists  of  the  heat  balance  on  the  water  running  through  an  oil-water  heat  exchanger.  In 
both  cases  the  relevance  of  claimed  results  depend  heavily  on  the  degree  of  insolution 
actually  achieved  and  accuracy  of  the  referred  balance. 

4  CONCLUSIONS 

Efficiency  evaluation  of  gears  has  not  been  in  the  past  a  main  concern  probably  because 
the  values  are  very  high  compared  with  those  of  other  mechanical  systems.  Rear  axle  gears 
have  caught  some  general  interest  in  this  aspect  because  of  recent  automotive  economy 
requirements.  Worm  gears  are  clearly  at  the  bottom  of  the  scale  as  regarding  efficiency, 
but  in  this  case  it  is  not  the  economy  factor  that  is  of  concern  but  to  get  a  better 
knowledge  of  the  actual  available  output. 

From  the  brief  exposition  presented  it  is  possible  to  conclude  that  some  attention  is 
needed  in  this  field  and  the  author  would  Wellcome  suggestions  and  exper ience con t r i bu t io n s 
on  this  subject. 
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SUMMARY 

Worm  gears  are  often  used  in  industry  or  domestic  application  (lifts)  when  a  high 
transmission  is  required  in  a  limited  space,  which  prevents  the  option  for  multiple  gear 
Crains.  Negative  aspects  of  these  gears  are  the  complex  geometry  and  high  values  of 
sliding  during  contact  leading  to  low  values  of  efficiency.  For  the  ocher  types  of  gear, 
spur,  bevel  and  conical  ones  values  are  usually  higher  chan  90%  but  in  this  case  practical 
values  of  30Z  may  result.  It  is  possible  according  Co  the  choosen  geometry  to  forecast 
Che  efficiency  theoretically.  However  the  lubricant  behaviour  is  generally  defined  by  a 
parameter,  sometimes  designated  as  lubricant  factor,  which  is  very  difficult  Co  ascertain 
with  sufficient  accuracy.  Considerations  regarding  Che  practical  determination  of  this 
factor  and  suggestions  for  testing  are  next  presented  for  discussion. 

1  INTRODUCTION 

Geometry  of  worm  gears  are  somehow  complex  if  compared  with  other  types  of  gears. 

Different  types  have  been  studied  which  mainly  look  for  a  better  contact  between  the  worm 
and  Che  wheel . 

Fluid  friction  has  a  major  influence  on  the  total  friction  but  lack  of  lubricant  or 
deformation  of  the  worn  axis  due  to  loading  or  thermal  distortion  can  cause  the  near 
metal  to  metal  contact.  The  first  situation  may  arise  from  the  different  positioning  of 
Che  worm  and  the  wheel  relative  to  the  sump.  In  Che  second  case  there  is  a  strong 
influence  of  Che  worm  supporting  mountings,  bearings  clearance  and  allowable  worm  axial 
d  L  sp  lacement . 

Double-enveloping  worm  drive  is  probably  one  of  the  most  interesting  designs  as  it 
provides  the  better  contact  between  teeth  due  to  Che  convex  surface  of  the  worm  spiral 
and  Che  concave  surface  of  Che  enveloping  part  of  Che  wheel.  It  could  also  enligten  other 
more  simple  situations.  Data  for  geometric  parameters  regarding  this  design  is  presented 
in  Ref .  1 . 

2  RELEVANT  PREVIOUS  RESULTS 

The  exnressions  for  worm  gears  have  Keen  long  establis^'ed  and  discussed  hy,  amon**  others, 
Henr  lot  |  2  |  . 

An  interesting  early  investigation  on  efficiency  of  worm  drives  was  conducted  by  Zak  and 
al  [l],  with  experiments  runned  using  a  VN  II  PU  glemash  machine.  In  his  conclusions  it 
is  mentioned  that  error  in  torque  measurements  at  the  worm  shaft  affects  the  accuracy  of 
efficiency  determination  by  a  factor  i  times  larger  Chan  an  equal  error  at  Che  wheel 
shaft  with  i  being  the  transmission  ratio.  Because  efficiency  changes  with  the  input 
choosen  worm  or  Che  wheel,  and  the  usual  applications  require  the  input  at  the  worm,  this 
is  Che  bench  arrangement  for  full  use  of  Che  results.  Zak  mentions  some  precautions  taken 
when  recording  the  torques  at  worm  shaft  and  the  wheel  shaft,  which  enable  him  an  accuracy 
of  efficiency  determination  of  0,45  per  cent.  He  also  compares  the  values  of  friction 
coefficient  with  those  given  by  Merrit  l3!.  Mecrit  states  that  there  is  no  coefficient  of 
friction  in  the  dry  friction  sense  and  that  the  term  is  used  by  him  as  the  total  viscous 
drag  to  Che  applied  load.  Whilst  this  work  was  published  in  1971  there  was  already  enough 
work  on  e.h.l.  to  enable  him  to  say  that  this  coefficient  of  friction  should  depend  on 
p r e s su r e  /  t empe r a t ur e / V  i  sc o s  i  C y  of  the  lubricant.  The  coefficient  of  friction  is  influenced 
by  the  surface  roughness  and  Co  some  extent  by  the  combination  of  materials  for  reasons 
not  yet  clear  (sic).  Today  there  is  a  better  knowledge  on  the  influence  of  these 
parameters.  The  rugosity  parameter  X,  is  now  established  as  a  design  variable  to  translate 
the  effe»'t  of  the  rugosity. 

A  mean  value  of  the  coefficient  of  friction  may  be  obtained  from  a  mixed  experimental 
theoretical  approach  from  the  tooth  efficiency  loss  which  is  assumed  to  be  determined  in 
tests  and  geometry.  This  reverts  us  to  the  main  necessity  of  b*nch  testings. 

J  ('.FAR  BENCH  TFSTINC, 

Measuring  efficiency  with  worm  gears  has  an  inherent  difficultv  which  results  from  the 
Tact  already  referred  that  this  variable  assumes  different  values  when  the  input  element 
<  rianges.  In  industry  the  input  is  usually  made  through  the  worm  connected  to  an  electric 
so  that  its  high  speed  can  be  reduced  to  a  more  convenient  value  for  mechanical 
.jppli  cations.  For  industrial  purpose.s  and  limited  financial  resources  the  most  economical 
d V namom-*  t f r s  available  are  of  the  water  type.  However  it  is  necessary  to  go  to  highly 
iv/ersized  models  so  that  sufficient  braking  torque  is  obtained  at  low  speeds  at  which  the 
wheel  revs.  The  most  evident  stilution  is  to  use  an  extra  train  to  multiply  the  output 
rotatiim  speed  but  this  ohviou.slv  requires  the  previous  know-edge  of  the  efficiency  of 
this  group.  A  similar  situation  has  been  mentioned  by  Tournier  *4'  where  two  automative 
gear  boxes  have  been  coupled  to  achieve  in  this  case  a  more  accurate  efficiency 
measurement.  He  bases  his  «'alrulations  on  the  assumption  of  a  possible  precision  of 
*  0,1?;  on  speed  measurements  and  *  1%  precision  on  torque  evaluation.  For  a  9  5%  e  f  f  ic  i  e  nc  y 
value  he  concludes  that  with  a  single  gearbox  lo.sses  are  determined  with  an  accuracy  of 
+  431.  A  double  gearbox  arrangement  provides  much  better  results  but  brings  out  the 
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DISCUSSION 


P.  de  CastrOf  Fo 

I  would  be  grateful  to  have  the  author's  view  of  the  possible  application  of  fracture  mechanics  to  this  son  of  problem 
(micro  pitting). 

Author's  Reply 

I  think  it  would  be  difficult  to  consider  applying  fracture  mechanics  to  micro  pitting,  since  the  nature  of  the  applied 
forces  are  not  known.  The  problem  starts  at  asperity  tips,  so  normal  forces  must  be  involved.  But  crack  orientation  is 
affected  by  the  sliding  direction,  so  traction  forces  are  also  involved.  The  contact  zone  is  also  subject  to  F.HL  pressures 
making  the  material  properties  even  more  uncertain.  Work  is  being  done  to  try  to  explain  the  mechanism  of  the 
phenomenon  but  not  a  lot  has  been  published  yet. 


A.Watteeuw,  Be 

( 1 )  Can  “shot  peening"  be  the  original  (cause)  of  initial  “micro  pitting"? 

(2)  Gear  flanks  resist  this  better,  yes  or  no.  against  pitting  (micro  pitting)  when  they  arc  “shot  pccncd”? 

(3)  Is  the  case  depth  important  with  regard  to  micro  pitting? 

Author's  Reply 

Shot  peening  can  make  gear  tooth  flanks  more  suscepiahle  to  micro  pitting.  The  cusps  between  the  individual 
indentations  are  the  areas  where  the  damage  initiates. 

Whilst  we  have  not  seen  any  evidence  that  shot  peening  of  flanks  miKlifics  the  propagation  of  the  micro  pitting  damage, 
there  has  been  some  evidence  that  it  could  affect  the  pitting  limit  of  lower  hardness  machined  gears. 

The  case  depth  is  unlikely  to  affect  the  initiation  of  micro  pitting.  When  the  damage  is  propagating,  the  state  of  stress 
both  within  the  case  and  at  the  case  pore  interface  can  mfTueiice  (he  way  in  which  the  subsequent  damage  progresses. 
•Any  surface  decarburisaiion  of  the  case  is  likely  to  he  very  important  as  this  interacts  directly  with  the  asperity  contact 
stresses. 


There  are  some  forms  of  damage  which  can  be  confused  with  oil  film  breakdown, 

In  that  they  may  affect  both  contacting  surfaces  (1).  Sometimes  low  hardness 
materials  may  get  Into  an  application  where  the  loading  is  too  high  although 
only  for  short  periods.  This  can  cause  plastic  deformation  of  the  surfaces 

with  a  rippling  developing  In  consequence.  The  material  may  often  be 

workhardened  considerably  on  the  surface  but  the  core  material  will  still  be 
soft.  Typically  the  tips  of  the  teeth  will  often  show  a  burred  edge  where  the 
plastically  deformed  metal  has  been  carried  over  the  edge.  Transpo’^t  of  metal 
can  also  occur  due  to  the  rolling  of  hard  particles  between  the  teeth.  Grains 
of  sand  may  break  down  and  cause  abrasive  wear,  but  In  some  slow  speed  cases 
they  produce  local  plasticity  which  combined  with  the  gear  sliding  motion  can 

lead  to  a  net  displacement  of  metal  over  the  contacting  flanks.  This  can  even 

happen  with  soft  materials  contaminating  Che  lubricant.  Cellulose  fibres  in 
oil  can  locally  deform  steel  surfaces  and  again  lead  to  plastic  displacement  of 
the  surface  layers. 

The  operational  conditions  may  be  significant  when  assessing  a  particular 
problem.  Have  there  been  any  abnormal  overloads  (k)?  When  In  the  units  life 
did  the  failure  become  apparent  (m)?  Early  failures  are  often  associated  with 
a  lack  of  runnlng-ln  or  fundamental  Inadequacies  in  design.  But  If  Che  damage 
has  happened  well  into  the  units  life  it  may  have  been  triggered  off  by  some 
other  form  of  failure.  Scuffing  can  originate  from  the  edge  of  pitting  damage 
or  even  from  mlcropltting  (1).  Units  that  have  stood  unused  for  long  periods 
can  be  particularly  susceptible  to  damage  if  Che  tooth  surfaces  are  not  well 
oiled  before  they  are  asked  to  carry  load  (n).  The  presence  of  water  in  the 
oil  may  also  be  a  cause  for  breakdown  occurring.  Water  unlike  oil  does  not 
have  a  high  pressure  coefficient  of  viscosity  and  is  unable  to  provide  an 
adequate  elastohydrodynaraic  lubricating  film  (q).  In  cold  conditions  oil  jets 
may  often  not  reach  the  gears  where  the  oil  is  required  and  failures  may  be 
provoked  by  the  period  of  running  before  an  adequate  oil  flow  Is  established. 

This  discussion  may  serve  to  Illustrate  why  Che  scuffing  load  criteria  used  in 
gear  design  can  be  found  to  give  such  widely  scattered  results.  A  consistent 
set  of  results  for  a  constant  given  gear  design  in  a  test  rig  operating  under  a 
given  set  of  conditions  will  never  explain  all  the  examples  of  failure  found  in 
actual  gear  applications. 


GENERAL  CONCLUSIONS 

I  hope  this  paper  has  served  to  Illustrate  how  complex  the  gear  failure 
characteristics  can  be.  Engineering  text  books  usually  suggest  a  much  simpler 
situation  and  many  people  have  been  led  astray  by  making  simple  assumptions 
about  particular  failure  examples.  Transmission  testing  is  an  expensive 
business  and  It  Is  Important  to  understand  what  the  results  really  mean  If 
progress  Is  to  he  made  to  Improve  the  load  carrying  characteristics  of  gearing. 
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It  must  be  recognised  that  It  Is  Impossible  for  the  whole  surface  to  fail 
simultaneously.  Sometimes  some  curious  effects  are  associated  with  this  fact; 
part  of  a  facewldth  only  failed;  perhaps  only  every  fifth  tooth  damaged  or 
diagonally  striped  markings.  The  first  might  Indicate  non-uniform  load 
distribution  fb)  but  this  is  not  necessarily  involved  since  It  can  be 
associated  with  blocked  oil  lets  (o).  If  the  gear  pair  has  a  common  factor  in 
their  tooth  numbers  a  failure  can  occur  between  two  particular  teeth  and  this 
will  ususally  transfer  around  the  gears  to  each  of  Che  possible  contacting 
teeth.  Such  damage  may  be  initiated  by  some  foreign  object  getting  into  the 
mesh  and  it  may  be  possible  to  identify  the  tooth  from  which  the  damage 
started.  Diagonal  stripes  of  damage  have  been  seen  on  very  lightly  damaged 
teeth  where  the  rolling  action  appears  to  carry  the  generated  debris  up  the 
tooth  by  the  displaced  oil  where  it  becomes  trapped  and  generates  another 
welded  area. 

Sometimes  lubricant  failure  Is  associated  with  heating  effects  (c)  chough  it 
may  be  difficult  to  decide  whether  the  oil  breakdown  was  caused  by  the  heating 
or  whether  the  heating  was  caused  as  an  after  effect  of  the  surface  damage. 
Where  the  heat  effects  are  most  pronounced  may  be  very  significant.  Perhaps 
only  in  the  centre  of  the  facewldth  of  high  speed  gearing  Is  demonstrating  the 
natural  thermal  gradient  that  can  exist  with  such  gears  (e).  When  one  end  of  a 
facewldth  shows  the  heating  effect  with  an  adjacent  bearing  also  showing  heat 
problems,  it  is  often  the  thermal  conduction  from  the  bearing  that  has  caused 
the  gear  damage  rather  than  Che  other  way  round.  Heat  marking  on  tooth  tips  or 
on  unloaded  flanks  can  he  indicative  of  damage  having  occurred  at  an  earlier 
stage  but  that  subsequent  running  has  polished  off  the  normally  contacting 
flank  areas.  Whilst  it  Is  usually  denied,  cases  have  been  known  where  units 
were  started  up  without  being  filled  with  oil.  The  difference  in  noise  caused 
the  operators  to  shut  down  quickly  and  fill  the  units  again.  However,  the 
damage  may  have  already  been  done  which  only  became  apparent  after  some 
thousands  of  hours  of  subsequent  operation. 

Apart  from  complete  lack  of  oil,  incorrect  oils  may  he  responsible  (f).  Too 
low  a  viscosity  is  often  a  cause,  Che  selection  of  an  oil  may  be  difficult 
because  of  conflicting  requirements  In  the  same  unit.  The  viscosity  grade 
required  by  a  gear  pair  is  related  to  their  pitch  line  velocity.  But  in  a  high 
ratio  unit,  the  requirements  of  the  high  speed  input  stage  and  the  low  speed 
output  stage  are  often  very  different.  How  to  make  the  best  compromise  may 
often  depend  on  different  factors  In  different  cases.  For  example  a  unit  that 
carries  high  static  torques  such  as  In  crane  or  winch  duties  would  demand 
higher  viscosity  lubricants.  If  such  units  ran  continuously  they  might  well 
suffer  from  overheating  due  to  the  oil  churning  effects. 

Metallurgical  effects  can  influence  the  tendency  towards  lubrication  breakdown. 
The  use  of  similar  hardness  Identical  low  alloy  steels  In  the  through-hardened 
state  can  be  particularly  susceptable  to  this  type  of  failure  (h).  Differences 
in  hardness  between  the  contacting  members  can  make  significant  improvements  In 
the  relative  sensitivity  to  such  breakdowns. 

If  it  is  possible  to  identify  the  areas  where  damage  has  started  by  early 
detection  of  metallic  debris  it  is  often  possible  to  identify  the  real  cause  of 
a  problem  (J).  In  one  case  damage  was  found  to  start  from  a  slight  burr 
thrown-up  by  a  dehurrlng  operation  after  grinding  gear  teeth.  The  hard  edge 
was  causing  a  local  breakdown  at  the  .tooth  end  which  often  spread  across  the 
whole  facewldth. 
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TOOTH  CONTACT:  LUBPTCATinN  FAILrRH  OUF.RT'roKS 
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a")  Ts  every  tooth  similarly  damaRed  on  hoth  pinion  and  wheel? 
hi  Does  the  damage  extend  across  the  full  facewidth? 
c)  Has  there  heen  evidence  of  appreciable  heating? 
dl  Is  the  damage  associated  with  a  tlp/root  contact? 
el  Are  there  undamaged  areas  at  the  tooth  ends? 

I)  Was  the  correct  oil  being  used? 

g)  Can  the  gears  experience  torque  without  motion? 
hi  Are  the  contacting  members  of  similar  materials? 
il  Is  it  really  a  lubrication  failure? 

1)  Low  hardness  effects. 

Ill  Debris  damage. 

Hi)  Wear. 

i)  Where  did  the  failure  start’ 

it)  Have  there  been  operational  overloads? 

'1  Were  there  any  previous  failure  mechanisms  which  initiated  scuffing 
daraage? 

ml  Where  In  the  units  life  did  the  damage  appear? 

n)  Had  the  unit  stood  for  any  appreciable  period  without  reolling  of  the 

tooth  surfrjces? 

o')  Has  an  oil  iet  been  blocked? 

p)  Does  the  oil  get  to  the  teeth  before  they  are  asked  to  transmit 
significant  torque? 

q)  Is  there  evidence  of  water  in  the  oil? 
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Picture  6: 

Comparison  of  Speciiic  Power 
Level  on  different  Transmission 
Versions. 


The  usage  of  new  technologies  improved  drastically  the  quality  of  the  transmission  as  shown  in  picture  5» 
though  the  overall  design  could  not  be  changed  because  the  transmission  was  to  be  used  in  the  same 
aircraft. 

If  we  analyse  the  numbers  with  the  first  production  transmission  as  a  baseline,  we  can  see  that  the  first 
step  from  version  FS  72  A  to  FS  72  C  improves  the  specific  power  rate  be  8  T  (max. continuous  power! 

respectively  2  (One  Engine  Inoperative  Power). 

In  the  second  step  where  new  technology  was  used  the  improvements  were  23  "  and  20  'i. 

Beside  the  specific  power  increase  the  TBO  could  be  drastically  improved. 


CERTIFICATION  RULES  (FAR-BCAR) 

In  the  western  world  each  country  has  its  own  bureaucracy  for  aircraft  certification,  which  uses  either 
the  FAR-  or  the  B3'R  regulationes  for  civil  an  MIL-Specifications  for  milltarv  aircrafts  as  the  baseline 
Vi'th  small  deviationes  or  amendments  as  well  as  uifferent  interpretationes  of  the  paragraphs  for  their 
national  certification  procedure. 

That  means,  that  the  tests,  necessary  for  certification  and  their  documentation  has  to  be  performed  twice 
or  at  least  in  an  unnecessa-y  extended  duration.  This  situation  will  hopefully  be  clarified  on  the  civil 
side  when  the  Joint  Airworihiness  Regulationes  (JAR)  for  helicopters  will  be  established.  This  is  very 
important  because  cobperaticnes  for  new  developments  will  be  in  the  future  the  rule  and  not  the  exception. 

Many  existing  helicopters  use  2  engines,  but  the  performance  ratings  are  selected  to  be  optimized  for  all 
engine  operation.  In  this  case  the  layout  of  the  drive  system  has  to  be  done  for  the  maximum  engine  power 
level . 

Modern  twin  engined  helicopters  use  engines,  which  have  a  much  higher  power  rating  than  necessary  for  the 
normal  all  engine  operation,  to  allow  to  continue  the  flight  in  a  large  operational  range  by  using  the 
then  existing  power  reserve  of  the  remaining  engine. 

The  existing  regulations  indeed  consider  a  dual  engine  configuration,  but  is  not  sufficient  to  handle  this 
subject,  when  high  performance  surplus  for  the  normal  dual  engine  operation  is  built  in. 

The  regulations  roguire,  that  the  transniiss • on  has  to  be  designed  and  tested  to  withstand  the  max. attainable 
torque.  This  requ i roment  forces  us  to  build  transmissions,  with  power  reserves,  which  are  used  only  when 
(jne  engine  will  tail  and  when  the  helicopter  is  operating  under  worst  conditions  regarding  necessary  power. 
iJsing  Statistics  from  the  past,  this  case  is  only  1/3  of  all  engine  failures. 

Expenence  with  twin  engined  helicopters  show  further,  that  the  actual  failure  rate  is  low  (approx,  1  per 
’001  flight  hours)  depending  rn  the  engine  useo,  power  level  etc.  For  training,  maintenance  actions, 

;  .w^>r  assurance  checks  etc.  it  is  not.  necessary  and  net  allowed  to  use  higher  power  ratings  than  the  take 
I't  Mting  of  the  engines.  Th--  ’.ctual  emergency  case,  where  the  max.  power  ot  the  engine  has  to  be  used 
'  .  ^  exi. ept  i ona  1  ,  that  it  can  be  handled,  looking  on  the  transmission  layout,  similar  to  static  loads. 

■ ’ 1  ;  irts  of  the  transmission  are  designed  to  have  a  safe  life  considering  max.  continuous  power  with 
.'irToinp  inoperative. 

’  I  1  tual  values  for  gears,  the  stresses  in  this  case  are  approx.  25  of  the  static  strength. 

I-  *  T',"i  is  by  far  sufficient  to  handle  the  emergency  case. 

•  ■1  1 1  insiu ss  i on  design  does  not  influence  the  flight  safety,  but  has  negative  effects  on  the 
.  ■  •  .  .  .•  r  . . f  ..f  *ho  t  r  a  nsmi  s  C , 


Picture  6  showes  that  the  main  discrepancy  is  located  between  the  max.  continuous-  and  take  off  power 
of  the  transmission  design  and  the  intended  use  of  the  engine  max.  continuous,  2  1/2  min,  take  off  or 
30  min  power  from  the  view  of  type-testing. 

With  the  existing  regulations  the  test  can  be  performed  with  loads  from  the  transmission  design.  In 
this  case  the  power  loss  is  50  %.  If  the  design  is  performed  to  meet  the  engine  performance  ratings 
the  transmission  is  oversized. 
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NEW  TECHNOLOGY 

In  a  previous  chapter  it  could  be  demonstrated  that  the  introduction  of  new  technologies  in  the  past 
has  improved  the  product  transmission  quite  strongly. 

The  growth  in  specific  power  available  shows  also  the  effect  of  weight  reduction  possibilities,  and 
the  increase  in  T80  reduces  to  some  extent  the  expenditure  of  the  customers,  respectively  the  life 
cycle  costs  (LCC).  Beside  of  this,  other  features  like  safety,  necessary  spece,  additional  auxiliary 
drives  etc.  could  be  improved. 

Looking  in  the  future  the  trend  will  continue. 

Special  new  technologies,  which  can  be  used  for  transmission  developments,  will  be  in  the  area  of 


Materials 

Manufacturing  process 
Diagnosis  systems 
Calculation  methods 
Testing  procedures 


Materials 

New  materials,  such  as  Mbre  Reinforced  Plastics  (FRP)  which  will  strongly  influence  the  configuration 
and  design  of  all  aircraft  structures,  wTll  be  of  minor  interest  for  transmissions. 

Taking  into  account  the  existing  knowledge,  only  the  components  housing,  suspension  system  and  to  some 
extend  the  rotormast  can  probably  be  improved  by  this  materials.  But  it  will  take  a  long  time  to  get 
the  same  level  of  experience  compared  to  today's  standards. 

For  the  other  component‘s  like  shafts,  bearings  and  gears,  which  are  the  high  costandhigh  weight  parts, 
the  now  'ised  steels  and  titanium  will  be  used  also  in  future  designs.  An  overall  improvment,  which  will 
be  measurable  cannot  be  seen  at  least  for  the  near  future. 

Ceramics,  which  ha\.e  some  properties  favoring  them  as  bearing  materials,  need  some  further  development 
Steps.  The  optimum  use  of  such  bearings  need  a  different  overall  design  of  transmissions,  not  allowing 
the  use  of  metal  bearings  as  back  up  solutions,  which  means  a  very  high  risk.  The  further  development, 
currently  done  in  this  area  for  engines  will  show,  if  it  is  worth  to  use  them. 
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Manufacturing  procesj 

Todays  design  needsa  very  high  quality  standard  in  the  manufacturing  processes  (close  tolerance  work  ISO  5 
to  ISO  4;  surface  roughness  =  1  p).  To  achieve  this  in  a  series  production  line,  a  lot  of  series  connected 
working  and  control  cycles  are  necessary.  With  new  automatically  self  sustaining  manufacturing  processes  a 
cost  reduction  as  well  as  closer  tolerances  may  be  possible. 

This  could  improve  the  design,  with  respect  to  lower  weight  and  smaller  space. 

Now  available  Mg  alloy  sand  casting  processes  allow  a  minimum  wall  thickness  of  5  mm.  From  the  design  require¬ 
ments  a  minimum  wall  thickness  of  2  mm  will  be  sufficient  to  guarantee  stiffness  and  a  safe  stress  level.  If 
the  technology  in  casting  processes  will  be  improved  similar  to  what  was  happened  in  the  past,  a  quite 
attractive  weight  reduction  can  be  achieved. 

The  application  of  HIP  (Hot  Isostatic  Pressure)  processes  for  bearings,  gears  and  shafts  is  for  the  compnoent 
maintransmission  of  helicopters  with  tFe  knowledge  of  today  not  possible.  Even  for  auxiliary  drive  pao.  the 
attainable  quality  standard  is  not  sufficient. 

Today's  designs  use  titanium  and  steel  for  gears,  where  titanium  is  building  the  shaft  and  wheel  body  and 
steel  the  gear  tooth.  Both  parts  are  connected  via  bolts  or  screws. 

If  new  welding  processes  would  allow  the  same  level  of  safety  for  the  connection  of  those  parts,  lower  weight 
designs  will  be  possible.  Such  welding  processes  could  further  enable  designs  which  use  gears  with  compli- 

catedshapes,  which  are  not  possible  to  be  manufactured  in  one  piece.  This  would  allow  designs  with  improved 
features  such  as  weight,  bearing  distances  etc. 

The  technology  standard  of  bearings  is  relatively  high.  Further  improvement  which  can  be  used  in  transmission 
design  could  be:  integrated  ball  bearings  similar  to  now  used  roller  bearings,  where  the  inner  or  outer  bearing 
ring  is  an  integrated  part  of  the  shaft  or  the  gear.  Another  bearing  development,  where  two  or  three  different 
bearings  are  integrated  to  a  common  unit  could  improve  the  features  of  the  transmissions. 


Diagnosis  systems 

The  powerful  developments  in  electronics  in  the  past  have  also  influenced  industry  to  develop  components, 
which  are  usable  for  a  condition  monitoring  and  diagnoses  system,  in  transmissions. 

The  last  step  to  begin  with  the  most  difficult  in  this  field,  would  be  a  system,  which  can  show  the  condition, 
necessary  maintenance  actions,  the  rest  of  life  time  etc.  at  any  time.  This  may  be  possible  and  payable  in 
the  far  future,  when  the  development  in  electronic  and  on  other  components  like  sensores  will  continue  with 
the  same  speed. 

In  the  near  future  the  advance  will  take  place  only  in  small  steps,  because  all  new  possibilities  like  vibra¬ 
tion  analysis,  oil  analysis,  particle  detection,  boroscop  informations  etc.  have  to  be  tested  very  intensively 
before  they  can  be  used. 


Calculation  methods 

Finite  Element  programs  and  other  calculation  software  are  used  today  similar  to  a  slide  rule  25  years  ago. 
With  these  tools  it  is  possible  to  check  all  deformations  which  result^  from  inner  and  outer  forces  and  to 
optimize  the  positions  of  gears,  bearings  and  attachment  points.  This  will  reduce  development-time  and  -costs 
and  will  provide  a  safer  design. 


Testing  procedures 

Since  certification  rules  have  been  established  valid  for  helicopter  drive  systems,  the  knowledge  in  testing 
and  the  safety  in  the  interpretation  of  the  results  have  been  consitleraoly  improved.  This  will  continue, 
because  the  development  of  the  necessary  software  (application  of  computer  systems)  as  well  as  of  the  hardware 
(sensors)  will  continue  at  least  with  the  same  speed. 

To  use  the  new  information  for  the  product  transmission  it  is  necessary  to  think  about  changes  in  the  certifi¬ 
cation  rules.  The  necessary  tests  are  strongly  recommended  due  to  load  spectrum  and  duration. 

A  consideration  of  the  actual  load  spectrum  cannot  be  incorporated  in  a  simple  way  in  the  tests. 

Further  the  certification  rules  require 

ground  tests 
flight  tests 
overload  tests. 

Additional  tests,  for  example  in  a  test  rig,  which  are  necessary  to  assure  the  design  in  an  early  stage, 
cannot  be  used  always  for  certification  purpose.  Though  enough  test  information  is  available  from  such 
tests,  additional  tests,  which  do  not  give  more  information  have  to  be  performed.  Also  here  a  change  in 
certification  requirements  could  improve  the  situation. 
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TBO  OR  ON  CONDITION  OPERATION 


With  the  certification  of  an  Helicopter  the  manufacturer  has  to  establish  a  list  in  which  all  parts 
responsible  for  flight  safety  are  listed  with  data  about  their  life  time  and  about  necessary  mainte¬ 
nance  actions.  These  instruction  have  an  important  influence  on  the  operating  costs  of  the  helicopter. 

The  manufacturer  has  therefore  a  strong  interest  to  establish  numbers  which  allows  low  cost 
procedures.  This  is  contrary  to  the  overall  requirements  within  the  certification  rules.  The  procedure 
of  today,  to  establish  this  data,  is  that  in  the  beginning  of  the  helicopter  operation  the  transmissions 
have  to  be  overhauled  with  fixed  TBO's  (Time  Between  Overhaul)  and  in  addition  to  that  with  MTBR 
(Mean  Time  Between  Removals)  for  life  time  restricte(Fparts.  To  fix  these  TBO's  and  MTBR's  the 
following  steps  are  necessary 

1.  Fatigue  test  (with  components  and  the  total  system) 

2.  Flight  load  results 

3.  Life  time  calculations. 

The  calculations  with  this  information  has  to  be  performed  very  conservatively  to  stay  within  the  limits 
for  the  worst  case.  Therefore  the  TBO  development  has  to  be  started  at  a  very  low  level  and  will  be 
increased  step  by  step  after  the  availability  of  overhaul  results  up  to  the  forecasted  time.  This  is 
a  very  long  procedure. 

To  shorten  this  establishing  procedure  and  to  cover  all  unknown  load  spectras  the  design  of  the  drive 
system  has  to  be  done  very  conservatively.  The  result  is  that  automatically  the  drive  system  weight  and 
the  operational  costs  for  costumers  which  do  not  always  operate  on  the  limits  are  too  high  with  no 
benefit  due  to  flight  safety. 

To  overcome  this  for  existing  designs  and  new  designs  in  the  future  the  TBO-idea  will  be  dropped  step 
by  step  and  will  be  replaced  by  an  "on  condition  system".  The  wording  "on  condition"  means,  that 
maintenance  and  overhauls  or  replacements  have  to  be  performed  pending  on  the  existing  condition  with  its 
specific  accumulated  load  spectrum  In  service.  That  requires,  that  the  flight  loads  and  the  other 
conditiones  of  a  drive  system  in  service  have  to  be  recorded  continuously. 

For  achieving  this  goal  each  helicopter  manufacturer  has  its  own  philosophy.  It  shall  not  be  discussed 
in  this  paper  which  philosophy  or  which  technics  is  the  optimum. 

If  an  on  condition  concept  will  be  created  Instead  of  a  TBO  from  the  beginning,  more  component  testing 
is  necessary.  This  additional  testing  could  be  compensated  to  a  certain  extent  if  the  authorities  would 
decrease  their  different  requirements  for  the  basic  certification. 

A  proper  working  on  condition  system  is  the  basis  for  reducing  scheduled  maintenance  and  overhauls  as 
well  as  a  too  early  part  change  and  allows  the  optimized  use  of  helicopters  under  different  operational 
requirements,  with  an  increased  -  or  at  least  equal  level  of  safety.  But  it  requires  a  complete  change 
in  thinking  from  the  manufacturer,  the  authorities  and  maintenance  personal  with  new  maintenance  - 
and  documentation  technics. 
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SUMMARY 

This  paper  discusses  how  the  Federal  Aviation  Administration  (FAA)  develops  qualification/ 
certification  safety  standards  for  helicopter  and  engine  turboprop  drive  systems.  The  rules  are  always 
geiierated  in  coordination  with  industry  for  a  minimum  of  economic  iirpact,  and  are  worded  to  promote 
design  innovation  while  maintaining  adequate  safety.  The  rules  are  periodically  updated  to  account  for 
service  experience  and  advancements  in  the  state-of-the-art, 

A  survey  of  the  applicable  Federal  Aviation  Regulations  (FAR's)  explains  how  all  safety  aspects  of  a 
new  drive  system  are  covered  during  the  initial  certification  program.  The  FAR's  also  provide  for 
continued  airworthiness,  as  service  experience  is  accumulated,  such  that  inspection  intervals  may  be 
increased  to  "on  condition,"  or  decreased,  if  service  difficulties  indicate  that  an  area  of  redesign  is 
required.  As  further  testing  continues,  initial  limitations  on  coiT?)onent  replacement  tiroes  are  relaxed 
until  operating  costs  decrease  to  a  minimum  as  the  design  reaches  maturity.  The  FAA  role  is  to  assist 
industry  in  the  promotion  of  aviation  without  compromising  safety. 

Finally,  a  reference  to  the  author's  1969  and  1979  papers  on  the  subject  of  improving  reliability  and 
safety  of  drive  systems  is  discussed  with  an  update  of  additional  concerns  to  the  1984  time  frame.  Sc»ne 
recent  problems  are  listed. 


PRFFACe 

The  helicopter  and  turboprop  drive  system  technology  and  arrangements  are  changing  for  higher 
power/weight  ratios,  reliability,  operating  cost,  and  new  conceptual  configurations  like  the  tilt  rotor 
XV-15.  The  FAA's  rules  and  organization  for  the  certification  process  and  continued  airworthiness 
activities  are  also  changing.  A  new  Helicopter  and  Engine  Directorate  organization  Is  developing  new 
rules  and  advisory  material.  The  public  Is  demanding  a  higher  level  of  safety  as  helicopters  are  being 
deployed  more  and  more  for  carrying  people.  The  number  of  turboprop  commuter  operations  is  expanding  at 
a  high  rate  after  deregulation  of  the  airlines  and  higher  fuel  costs  forced  the  pure  jet  aircraft  to 
longer  routes.  Product  liability  litigation  1$  causing  great  concern  in  the  U.S.  Congress  as  well  as 
with  manufacturers  and  operators. 

The  role  of  the  FAA  is  to  promote  aviation  while  maintaining  an  adequate  level  of  safety.  Inproved 
interface  and  better  understanding  is  needed  between  the  certifying  agencies  and  the  aviation  community 
as  we  face  an  uncertain  economic  future. 

This  much  needed  paper,  by  an  author  with  both  industry  and  FAA  certification  experience,  attempts  to 
bridge  the  gap  between  the  technical  disciplines  of  the  drive  system  designers  and  the  certification 
engineers.  We  must  understand  each  other's  roles  and  missions  and  work  together  as  a  team  to  solve  the 
problems  before  us. 


THE  WHY,  WHAT,  AND  HOW  OF  CERTIFICATION  STANDARDS 

1.  WHY  RULES  AND  GUIDANCE 

The  qualification  and  certification  procedures  are  in  place  to  assure  minimum  safety  standards  for 
the  intended  use  of  the  aircraft.  They  must  be  acceptable  to  the  public  and  yet  must  also  be 
economically  attainable  to  assure  healthy  growth  of  the  Industry.  No  one  applicant  should  be  placed  at  a 
disadvantage  with  any  others  worldwide,  hence  the  need  for  standardization  of  rules  and  interpretation. 

The  Federal  Aviation  Regulations  (FAR's)  are  the  U.S.  equivalent  of  the  European  rules,  such  as  the 
British  Civil  Airworthiness  Requirements  (BCAft's).  Although  the  specific  rules  of  the  various  countries 
which  participate  in  the  bilateral  agreements  are  somewhat  different  in  text  and  philosophy,  they  ensure 
equivalent  levels  of  safety.  Aircraft  once  certified  via  the  bilateral  agreements  of  any  participating 
country. can  be  exported  to  other  countries  and  receive  an  airworthiness  certificate  for  operation  by  that 
country’s  certif icaiion  agency,  fherefort,  Itie  free  world  has  developed  ru’es  that  are  similar  in  scope 
and  standardized  for  all  their  aircraft,  propeller,  and  engine  manufacturers. 

The  U.S.  now  has  12  geographical ly  located  aircraft  certification  offices  (ACO's),  including  the 
European  office  in  Brussels,  and  to  ensure  standardization  of  policy  with  uniform  application  of  the 
Rules,  4  Directorates,  each  responsible  for  transport  category  airplanes,  small  airplanes,  helicopters, 
or  engine/propellers.  Since  1982,  all  significant  helicopter  and  engine  certification  programs  are 
controlled  through  the  ACO's  by  the  Helicopter  Directorate  in  Fort  Worth,  Texas  and  the  Engine 
Directorate  in  Boston,  Massachusetts.  Sufficient  staffs  have  been  assembled  in  the  directorates  to 
assure  technical  and  policy  expertise  needed  to  provide  for  rule  changes  and  guidance  material.  Each 
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directorate  is  currently  programmed  to  provide  Advisory  Circulars  (AC's)  that  outline  acceptable  methods 
of  compliance  with  all  the  certification  FAK's.  The  engine  rules  (FAR  33)  were  recently  updated  by 
Amendment  10  to  FAR  33,  and  the  Helicopter  Regulatory  Review  is  a  major  activity  reaching  a  conclusion  at 
the  Helicopter  Directorate.  Additionally,  each  major  certif ication  program  has  a  directorate  project 
officer  to  provide  necessary  policy  to  the  ACO  project  engineers  and  to  assist  the  U.S.  and  foreign  ACO's 
when  requested.  The  new  FAA  certification  system  is  working  well  and  is  expected  to  be  a  great 
inprovement  over  the  previous  understaffed  Washington  Headquarters  organization  with  its  now  obsolete 
orders  and  directives  system. 

Since  the  FAR's  do  not  normally  specify  how  to  design  a  drive  system  nor  show  compliance,  guidance 
material  is  needed  by  both  large  and  small  companies  with  and  without  staffs  of  certification  engineers. 
The  large  companies  with  certification  experience  and  know-how  must  deal  with  new  rules  and  policy  for 
state-of-the-art  developments.  The  small  companies  and  modifiers  with  limited  engineering  staffs  often 
need  assistance  and  guidance  from  FAA  specialists  to  complete  a  .atisfactory  certification  program. 
Therefore,  extensive  AC's  which  are  nonregulatory  are  being  developed  through  public  conferences  so  that 
inputs  are  received  from  all  elements  of  the  aviation  community,  both  U.S.  and  overseas. 

2.  WHAT  ARE  THE  DRIVE  SYSTEM  RULES 


The  FAA  certification  rules  (FAR's)  and  Advisory  Circular  policy  are  contained  in  the  documents  shown 
in  fig.  1.  Co»7p)iance  with  the  pertinent  FAR's  is  required  by  law  prior  to  the  issuance  of  a  type  and 
airworthiness  certificate  for  an  aircraft.  The  aircraft  must  be  flown  and  maintained  according  to  the 
operating  FAR's  which  are  not  a  subject  of  this  paper. 
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FIG.  1  THE  CERTIFICATION  FAR'S 

A  major  certification  pronnm  is  conducted  with  close  coordination  between  the  applicant  and  the  ACO 
project  engineers  through  frequent  contacts  and  the  more  formal  Type  Board  Meetings.  The  purpose  is  to 
assure  acceptable  means  of  compliance  for  all  the  pertinent  FAR's.  A  checklist  o-  certification  program 
plan  is  coordinated,  early  in  the  program,  to  properly  address  all  requirements  to  assure  a  cost 
effective  program.  Considerations  for  a  transport  helicopter  drive  system  certification  plan  follow 
(similar  requirements  exist  in  FAR  27). 

Strurtiiral  AnaWsi*; 

FAR's  29.671,  29,923(m),  and  29.907  Fatigue  Evaluation 

PAR'S  29.301,  29.  303,  29.306,  29.307,  29.309,  and  29.  361  Static  Strength 

FAR  29.901(b)(2)  Assure  Safe  Operation  Between  Inspection  Periods 

FAR  29.927  Overtorque,  Overspeed  and  other  special  tests 

Compliance  to  the  above  rules  requires  tests  and  analysis.  A  stress  report  showing  adequate  static 
margins  and  safe  f  ii 'que  life  of  all  critical  components  is  required.  Such  (omponents  as  gears, 
driveshafts,  gearshafts,  bearings,  flexible  cnuplings,  housings,  and  pylon  support  structure  must  be 
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Included  in  the  stress  report.  American  Gear  Manufacturers  Association  (AGMA)  and  Anti  Friction  Bearing 
Manufacturers  Association  (AFBMA)  standards  are  acceptable  for  gear  and  bearing  analysis.  Fatigue 
Analysis  Guidance  is  contained  in  Order  8110.9,  January  1975,  and  AC  20-95,  May  1976.  Most  applicants 
eventually  develop  their  own  fatigue  methodology  and  obtain  FAA  approval.  In  all  cases,  the  assumed  loads 
and  mission  spectrums  must  be  supported  by  flight  strain  surveys  and  a  rational  analysis  of  the  assumed 
maneuver  spectrum.  The  FAA  is  currently  evaluating  damage  tolerance  concepts  but,  so  far,  safe  life  has 
been  the  predominant  philosophy  for  drive  system  components.  Of  course,  all  critical  components  ir^st  be 
analyzed  to  show  a  positive  margin  for  design  limit  static  loads.  Some,  such  as  castings,  are  specified 
in  the  rules  (FAR  29.621). 


A  simplified  and  conservative  common  approach  to  the  fatigue  analysis  is  the  Goodman  Diagram  as 
shown  in  Fig.  2.  For  analysis  only,  B  =  1/3  A,  A  new  drive  system  should  be  conservatively  designed  for 
future  engine  growth  with  few  components  showing  a  limited  life. 


Endurance  Limit  (Basic  Fatigue  Strength  of  Material 
and  Surface  Condition  from  Recognized  Source, 

Such  As  MIL-Handbook-6  or  Corporate  Data  Bank) 

Fai lure  Boundary 


Unlimited  Life  Boundary  With  Approved 
Safety  Margins 


•Measured  Stress  Showing  a  Limited  Life 
-Yield  Point 

Steady  Stress 

-Flight  Strain  Survey  Measured  Stresses  Showing  Unlimited  Life 


FIG.  2  GOODMAN  DIAGRAM 


Subpart  D  -  Design  and  Construction 

FAR'S  29.601,  29.603.  29.605,  29.607,  29.609,  29.611,  29.613,  29,619,  29,621,  29.623,  29.625  Design 
Considerations 


Although  the  above  FAR's  deal  primarily  with  airframe  design,  they  are  also  applicable  to  many  drive 
system  components,  such  as  cast  housings  and  their  interface  with  aircraft  structure.  Of  particular 
significance  for  drive  shaft  couplings  is  the  29,607  Fastener  rule  which  requires  double  locking  features 
for  rotating  fasteners.  Advisory  Circular  20-^  provides  guidance  material  on  acceptable  methods  of 
compliance. 

Subpart  £  -  Powerplant 

This  is  the  main  section  for  drive  system  certification  and  includes  the  ground  tie-down  endurance 
tests. 


FAR  29.901  Installation  -  stress  reports 

FAR  29.907  Engine  Vibration  -  torsional  vibration  compatibility  with  the  drive  system  and  rotor  inertia 
-  oscillatory  stress  evaluation  of  drive  system  components  including  engine 

FAR  29.917  to  29.939  Rotor  Drive  System  -  These  rules  specifically  deal  with  required  testing  for 
endurance,  overspeed,  transient  torque.  One  Engine  Inoperative  (OEl)  operation,  shaft  critical  speeds, 
torsional  stability  and  engine  interface  characteristics. 

FAR  21.35  requires  that  the  drive  system,  after  the  200-hour  endurance  test  teardown,  be  reassembled  and 
used  for  Function  and  Reliability  (FiR)  Flight  Tests.  This  rule  is  often  overlooked  which  i$  a  good 
reason  for  requiring  the  compliance  checklist. 

FAR  29.1163  Accessories  -  These  components  are  installed  on  turboprop  gearboxes  and  helicopter 
transmissions.  The  rule  requires  a  method  to  prevent  drive  train  damage  in  event  of  accessory  seizure. 

Subpart  F  -  Equipment 

R's  29. 130Ua)8,(d).  29.  1305,  29.  1322,  29.  1337  and  29.1461  relate  to  environmental  aspects  (cold 
weatier),  instruments,  markings,  warning  and  caution  lights,  diagnostics  and  ElU/APU  high  energy  rotors. 

Subpart  G  -  Operating  Limitations 

PAR’S  29.1521,  29.1529,  29.1549,  29.1551,  and  29.1581  relate  to  powerplant  limitations,  instrument 
tiiarkingi,  atid  Aiiv,iart  "light  Manual  1  irr.;  taliufis.  Thebe  seclior.s  bccoiiie  ve»z  important  when  the  drive 
train  is  torque  limited  instead  of  the  engine,  and  when  OEI  transients  are  tested  and  found  to  be  higher 
than  anticipated.  The  subpart  now  requires  a  maintenance  manual  in  29.1529,  Instructions  for  continued 
airworthiness,  in  accordance  with  Appendix  A,  which  outlines  an  Airworthiness  Limitations  Section 
approved  by  the  Administrator.  This  section  includes  cofiponent  mandatory  replacement  times  and 
inspection  Intervals. 


I 


1 


1 
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The  FAA  rules,  described  above,  are  complete  as  to  general  compliance  requirements,  and  guidance 
material  is  provided  describing  acceptable,  but  not  the  only  means,  for  showing  compliance.  The  FAA  does 
not  provide  a  design  guide  nor  get  involved  in  dictating  design.  The  U.S.  Army,  on  the  o.her  hand,  does 
provide  design  and  test  requirement  standards  as  shown  in  Fig.  3.  These  very  conprehensive  documents, 
AMCP  706-201,  202,  and  203,  become  part  of  the  helicopter  model  specification  and  many  chapters  are 
devoted  to  drive  system  technology.  The  chapters  were  written  for  the  U.S.  Army  by  authors  from  industry 
who  were  regarded  as  experts  in  their  fields.  No  drive  system  engineer  should  be  without  these  safety 
oriented  manuals.  They  may  be  obtained  from  National  Technical  Information  Service,  Oept.  of  Commerce, 
Springfield,  Virginia  22151.  The  U.S.  Army  procures,  qualifies,  develops,  operates,  and  maintains  more 
helicopters  than  any  other  entity  in  the  free  world.  Their  mission  spectrum,  less  the  battlefield 
environment,  is  often  similar  to  that  of  our  civil  fleets. 


3.  HOW  ARE  the  pules  developed  AND  MAINTAINED 


The  FAA  certification  rules  (FAR's),  when  formally  issued,  are  legally  enforceable  as  law,  and  all 
civil  aircraft  must  comply  prior  to  the  issuance  of  a  type  and  airworthiness  certificate.  These  rules 
are  related  to  safety  of  the  public  and  have  been  developed  over  the  years  to  enhance  safety  in  a  manner 
that  promotes  the  growth  of  civil  aviation.  They  are  constantly  being  updated  for  clarity  and  improved 
safety  as  experience  dictates.  State-of-the-art  developments  require  new  or  modified  regulations. 
Amendments  are  thoroughly  coordinated  with  industry,  the  public  and  world  certification  agencies.  This 
section  describes  the  complex  procedure  involved  in  promulg  ling  a  rule  change. 

The  FAA  periodically  establishes  formal  Airworthiness  Reviews  by  establishing  a  multiyear  program 
initiated  by  a  call  for  proposals.  In  1978,  industry  requested  a  comprehensive  reassessment  of 
rotorcraft  cer ti f i cat  ion  rules  which  resulted  in  the  current  Rotorcraft  Regulatory  Review  Program  and  a 
call  for  proposals.  Any  individual  O'*  organisation  worldwide  may  submit  proposals  which  are  reviewed  for 
compilation  into  an  agenda  for  a  public  conference  discussion.  Figure  4  shows  a  typical  proposal  which 
was  submitted  by  the  author  and  compiled  in  one  of  the  volunes  presented  at  the  Rotorcraft  Regulatory 
Review  Conference  held  in  December  1979.  The  propulsion  session  FAA  team  of  Messrs.  Bud  Wells  and  Hal 
Ferris  discussed  each  drive  system  proposal  with  interested  members  of  the  audience  until  all  comments 
were  made  and  recorded.  The  FAA  team  later  reviewed  the  notes  and  recordings  to  evaluate  each  proposal 
for  a  disposition  of  (1)  proceed  with  no  changes,  (2)  combine,  expand,  and  revise,  (3)  defer  for  more 
information,  or  (4)  drop  for  lack  of  support.  The  surviving  proposals  then  had  to  pass  a  rigorous 
economic  analysis  to  prove  that  the  safety  benefits  outweighed  any  burden  on  the  industry  or  public.  The 
drive  system  proposals  then  become  a  Notice  of  Proposed  Rulemaking  (NPRM)  inviting  comments  and  are 
srr.eduled  for  publication  in  the  Federal  Register  as  Notice  No,  3.  All  public  comments  will  be  analyzed 
and  discussed.  Proposals  may  be  revised  or  deleted  in  acccordance  with  comments  in  the  preamble  of  the 
final  Adopted  Rule  also  published  in  the  Federal  Register.  This  amendment  then  becomes  law  and  all 
applicants  for  a  Type  Certificate,  after  the  published  date,  will  be  required  to  comply  with  the  updated 
dr i ve  system  ru les . 
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FIG.  4  RULE  CHANGE  PROPOSALS 


It  can  be  seen  that  the  drive  systefn  certif ication  rules  are  developed  through  a  lengthy  process  with 
detailed  coordination  for  all  interested  members  of  the  public.  Our  philosophy  is  to  provide  standards 
that  remain  dynamic  to  changes  in  technology,  yet  do  not  stifle  innovation  in  design,  but  retain  a 
minimum  level  of  safety.  The  system  is  working  judged  by  the  safety  records  and  growth  of  the  industry. 


CONTINUED  AIRWORTHINESS 

The  post  certification  life  of  the  drive  system  may  be  a  very  difficult  period,  and  the  safety 
itif)  I  teat  ions  must  be  constantly  -nonitored  and  addressed  whenever  a  service  difficulty  is  reported.  On 
the  other  hand,  '.he  original  Time  Between  Overhaul  (TBO),  a  low  time  estimate  based  on  limited  testing, 
may  be  demonstrating  all  parts  to  be  airworthy  at  overhaul  after  early  fleet  service  evaluations.  When 
the  final  design  has  matured,  the  TBO  should  eventually  be  increased  in  increments  to  perhaps  "on 
condition"  maintenance. 

1.  Service  DifficuUip'*  -  FAR  39  provides  for  a  system  of  Airworthiness  Directives  (AO's)  whenever  an 
unsafe  condition  is  diSvOvered  that  may  be  repeatable  for  aircraft  in  service.  FAR  21.99  requires  a 
design  change  or  inspection,  if  necessary  to  correct  an  unsafe  condition,  and  the  Type  Certificate  (IC) 
holder  must  provide  a  means  to  notify  operators  of  corrective  action,  called  Service  Bulletins,  Alert 
Notices,  etc.  An  AD  usually  incorporates  the  Service  Bulletin  which,  in  effect,  makes  the  contents  of 
the  Service  Bulletin  mandatory.  Most  service  difficulties,  however,  do  not  warrant  the  rulemaking  of  an 
AO.  The  field  maintenance  activities  may  be  advised  of  possible  serious  problems  or  trends  by  Service 
Bulletins  and  the  FAA  AC  No.  43-16,  "General  Aviation  Airworthiness  Alerts,"  published  monthly.  Its 
purpose  is  to  improve  reliability  and  interchange  service  experience.  The  National  Transportation  Safety 
Board  (NTS8),  an  independent  branch  of  the  government  that  investigates  accidents,  as  a  result  of 
accident  investigations,  may  recommend  action  to  the  Administrator.  These  recommendations  must  be 
satisfactorily  answered  by  the  FAA  after  its  Investigation  and  coordination  with  the  Tc  holder. 

Sometimes  accident  prevention  recommendations  are  received  from  FAA  Flight  Standards  District  Offices 
(FSOO's)  and  must  be  investigated  'y  coordinated  effort  between  FAA  ACO  project  engineers  and  the  TC 
holder.  Accidents  may  require  the  drastic  action  of  a  Certification  Review  Team  or  Special  Safety  Team 
which  could  lead  to  grounding  of  aircraft. 

Most  of  the  service  difficulties,  however,  are  not  so  clearly  defined.  The  FAA  has  established  a 
computerized  service  difficulty  reporting  program  whereby  everyone  in  the  field  is  encouraged  to  report 
Malfunction  or  Defect  (W  or  0)  Reports  on  ..pecial  forms  or  cards  which  are  mailed  to  FAA  General  Aviation 
District  Offices  (GADO's)  for  distribution  through  the  system.  The  original  cards  end  up  with  the 
Aircraft  Certification  Office  project  engineer  assigned  to  the  affected  TC  holder.  These  card  inputs 
become  agenda  items  for  periodic  service  difficulty  meetings  with  the  manufacturer.  Corrective  action  is 
usually  coordinated  for  type  design  changes  and/or  service  manual  information  via  service  letters  or 
bulletins.  If  the  difficulty  is  not  an  isolated  case  and  further  information  is  needed,  up  to  a 
five-year  computer  run  of  all  cards  submitted  may  be  easily  obtained.  This  procedure  is  used  where  AD 
action  may  be  indicated.  Unfortunately,  only  a  small  percentage  of  problems  are  reported  so  they  are 
used  to  supplement  the  problems  already  known  by  the  TC  holders  Service  Department.  The  exchange  of  this 
type  of  information  is  a  two-way  street,  since  FAR  21.3  requires  the  TC  holder  to  inform  the  FAA  within 
24  hours  certain  prescribed  failures,  malfunctions,  and  defects.  Of  course,  all  accident  reports  are 
cooperatively  investigated,  and  corrective  action  is  developed, 

2.  Extension  of  Inspection  Periods  -  A  new  transmission  and  drive  system,  at  the  time  of  the  Type 
Certificate,  wTlT  have  a  minimum  of  endurance  and  fatigue  testing  and  no  service  experience.  There¬ 
fore,  the  initial  inspection  intervals,  and/or  TBO's,  and  published  mandatory  replacement  ■  omponent  lives 
may  be  low.  As  the  design  matures  with  service  experience  and  additional  fatigue  test  specimens,  the  TBO 
and  lives  will  be  increased. 

The  PAA,  TC  holder,  and  high  time  operators  will  establish  a  TBO  escalation  prog^'am  where  sample 
units  will  be  carefully  monitored  and  irclude  engineering  evaluation  of  teardown  inspections.  These  post 
service  evaluations  and  a  close  monitoring  of  the  fleet  performance  will  permit  a  continuous  escalation 
of  inspection  intervals.  As  more  fatigue  specimen  components  are  tested,  lower  reduction  factors  may 
permit  an  increase  in  the  published  replacement  lives. 

The  design  goals  should  provide  margin  for  qrowth  and  an  adequate  diagnostic  system  to  attain  "on 
condition"  maintenance.  Fail-safe  and  damage  tolerance  concepts  will  inprove  safety  and  reduce  cost  of 
operations.  Invariably,  the  drive  system  rated  powers  will  increase  as  the  next  model  engine  is 
certified.  The  best  method  to  increase  ratings,  aside  from  the  reniired  testing,  is  to  have  few  life 
limited  parts  and  a  good  record  of  service  experience. 


CONCLUSIONS  AND  SPECIAL  CONSIDERATIONS 

This  paper  has  described  the  what,  why,  and  how  of  the  certification  process  and  continued 
airworthiness  after  the  Type  Certificate  is  awarded.  In  these  days  of  high  product  liability  costs,  your 
r -r*- i r i <- 1  nr>  r  be  vour  tost  frig'  1.  A  ^■■''■kinq  relationship  and  teamwork  durinq  and  after 

the  certification  program  will  benefit  all  of  us  -  especially  the  public. 

To  supplement  the  referenced  papers  of  1969  and  1979,  the  following  case  histories  from  the  recent 
past  are  listed  along  with  ways  to  avoid  observed  problem  areas. 

1.  Lightening  holes  in  gearshaft  flanges  presented  unrecoqni/ed  falioue  stress  risers  which  led  to 
an  early  fatigue  failure  and  an  accident. 
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2.  One  Engine  Inoperative  (OEI)  torque  transients  to  140%  were  found  in  flight  strain  surveys  which 
caused  a  reanalysis  of  the  static  support  structure  design  limit  load  125%  margin. 

3.  Ground-Air-Ground  (GAG)  load  cycles  in  the  mission  spectrum  were  fatigue  damaging  and  may  occur 
every  five  minutes  in  sling  load  operations. 

4.  Critical  bearings  should  be  consumable  electrode  vacuum  remelt  (CEVM),  M-50  or  equivalent 
material  of  high  hot  hardness,  ABEC  quality  grade  of  5  and  should  be  100%  inspected  as  aircraft  bearings 
An  Lgio  bearing  life  calculation  is  insufficient  for  the  high  reliability  requirements  of 

helicopter  transmissions  or  turboprop  gearboxes. 

5.  Chip  detector  cautionary  lights  are  necessary  -  one  transmission  uses  five  detectors,  and  a 
turboshaft  engine  uses  three  with  a  requirement  for  cockpit  caution  lights.  The  argument  on  false 
warnings  is  no  longer  appropriate  with  latest  state-of-the-art  chip  detectors  with  fuzz  burnoff  features 

6.  Tie-down  loads  during  the  FAR  29.923  endurance  tests  with  full  control  travels  exceeded  design 
limit  loads.  Strain  gage  the  output  driveshafts  and  do  not  exceed  design  limit  loads  -  reduced  control 
travels  may  be  adequate,  (An  AC  is  currently  in  work.) 

7.  With  FAA  approval,  use  overload  (bench)  testing,  at  high  cubic  mean  average  loads,  to  qualify 
alternate  oils,  design  changes,  and  to  supplement  the  FAR  29.923  minimum  endurance  test  requirement. 

8.  Address  operation  in  very  cold  weather  and  provide  operating  manual  information  if  preheating  is 
required  because  of  clearance  problems  on  bearings  and  gears. 

9.  Use  flow-through  oil  on  hardened  free  floating  splines  to  avoid  wear  and  fretting  and  avoid  high 
stress  riser  keyways. 

10.  Provide  oil  system  redundancy  in  critical  oil  lubrication  areas  and  use  10  micron  or  lower 
filters  with  bypass  indicators. 

He  who  is  ignorant  of  history  is  condemned  to  repeat  it.  (Santayana) 

The  views  and  opinions  in  this  document  are  those  of  the  author  and  may  not  represent  the  official 
position  of  the  FAA, 
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are  not  alreaslv  equipped  with  chip  dekcioi '  most  widi  C''--  kpii  iiitliealt*f  lights 

1  hrough  the  ecrtilicatiim  procss  die  I  \A  tfo,.s  get  im.  ol\  v-ii  w  idi  ami  undei stands  iht.  detail  ilesign  pitieess  o|  e.ieh 
rnaiuilaeiurer'''s  type  data  appO'V.i!  We  iheidoie  keep  up  io  tlale  with  the  stale  ol  die  art  h'l  all  ol  imiusiry  r«>l  pist 
one  appheam  bho  pmeess  has  been  veiv  sueeesstiii  m  the  ft'  e  wtuKI  eeitifietl  aiieiaft  and  the  satdv  recofil  ..ontuiues 
iti  improve. 

(  oiiiinvnt:  K.C  overt.  I  s  • 

C  t'mnieni  !oi  clantieation  td  Mr  Astritlgc's  remark 

I  he  C  A  A  ceiuriealion  selects  ific  desigiiei  and  lie  is  iespi>n  ,ible  lt>i  seeing  to  it  th.it  Ins  design  saiislies  airworthiness. 

]  lie  h.V.A  i'll  the  odier  hand  allows  the  designer  tt>  design  it'  st.iml  ml  but  the  ilesign  rmisi  be  proved  to  I  .\.A  to  nied 
'tamiard  b\  test  or  other  means 


J.Wonti.  ( tc 

)  Dili  vou  require  to  leave  the  ehip  tldeeioi  ligiil  in  liie  msiiunidil  panel.  01  is  it  possible  Ut  put  the  light  ouisule  t»l 
the  cockpit  on  a  p.nicl  light  on  the  adtl  it  tonal  ge.nbox .' 

Ullierc  more  than  one  nuinutaeturer  who  makes  hum  ofl  chip  tideetoi  s\ stems  i  1  eileet*)  ' 

\tiihorA  Kept) 

It  would  f't'  .uir  intent  to  have  one  caution  light  oinhe  pil'ii  s  eimtu  iaiiu  p.iiiel  with  ,1  piovision  to delerniinc  which 
St  iisi-i  I  location)  IS  showing  evidence  of  .1  chip  in  the  oil  svsiein  It  is  tiow  app.iient  iliai  .1  leetutl  should  be  kept  «*l  those 
iii'lieatiorK  dun  were  hiirnc'-t  otf  or  ‘Vapp-etl"  hv  ifie  e.ip.ieiliv  e  tlischai ge  perhaps  In  a  ei>uniet  of  actuations  of  .1 
t’  itn  <  iP  otitton  I  his  Is  deeause  on  liglitiv  loailet!  engine  beai  mgs  vs  here  skit  till  tig.  is  likelv.  die  bearing  can  wcai  suit  Ui 
liidi’U'  w  ith  only  fiiK'  partielcA  being  generated  11k  heav  iIv  loadesi  ge.irlMx  bearings  and  gear  >  will  gener.ite  largei 
p.iiiK  le's  under  die  sp.ill  niosle  ol  lailark  ami  du  se  musi  bs  iin estigateil  bv  .111  appropriate  in.anlcn.uiee  programme. 

I  o  mv  kih  pvv  lesige.  the  fir  it  I  ..  ileci  •  /.ippei  wav  eeriilied  In  oiii  olfiee  on  ifie  S  helieopter  I  heolhei  ehip  deles  tor 
n.  iii'ilaeliirers  fiave  not  developed  the  necessary  f'lirii  oil  lealure  t‘ ;  cimiinats-  l.dse  alarms 
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DISCUSSION 


D.G.Astridge»  UK 

I  welcome  the  author's  opening  comment  that  the  FAA  is  the  designer's  friend.  Certainly  I  can  confir»^^  that  an 
extremely  helpful  relationship  exists  between  our  company,  FAA,  and  CAA.  The  methexi  of  working  •  th  CAA  —  the 
design  authority  being  devolved  to  the  manufacturer,  through  the  Chief  Designer,  and  the  CAA  maintaining  a 
monitoring  function  to  ascertain  that  the  design  meets  their  airworthiness  requirements  —  seems  a  good  formula.  The 
author's  illustration  of  proposal  363  appears  to  indicate  (hat  (he  FAA  is  getting  involved  in  detail  design  activity, 
usurping  the  Chief  Designer's  task  —  this  is  a  disturbing  (rend  in  that  it  requires  that  the  FAA  be  totally  aware  of  all 
detail  design  technology  —  this  is  normally  generated  by  (he  helicopter  and  engine  manufacturers. 

Author's  Reply 

We  would  not  consider  a  requirement  for  a  health  monitoring  system  for  engines  and  gearboxes  any  different  to  the 
current  lesser  important  temperature  and  pressure  indicators  requirement.  The  proposal  I  submitted  for  chip  detectors, 
or  equivalent,  as  will  be  published  as  an  NPRM  in  (he  Federal  Roaster  soon,  will  be  worked  to  include,  “other  means.'' 
such  as  vibration  detectors  needed  for  gearboxes  using  grease  where  chip  detectors  would  not  be  appropriate.  The 
FAA  does  not  dictate  design  details  and  the  method  used  will  beat  the  discretion  of  the  applicant.  We  should  mandate 
safety  features  when  the  state-of-the-art  has  been  developed  and  the  the  system  is  obviously  cost-effective  and  provides 
for  an  increased  level  of  safety.  1  know  of  no  helicopters  or  engines,  when  the  proposal  was  submitted  63  years  ago.  that 
are  not  already  equipped  with  chip  detectors  —  most  with  cockpit  indicator  lights. 

Through  the  certification  prtKess,  the  FAA  does  get  involved  with  and  understands  the  detail  design  process  of  each 
manufacturers's  type  data  approval.  We  therefore  keep  up  to  date  with  the  state-of-the-art  for  all  of  industry  —  not  just 
one  applicant.  This  process  has  been  very  successful  in  the  free  world  certified  aircraft  and  the  safety  record  continues 
to  improve. 

Comment:  E.Covert.  US 

Comment  for  clarification  of  Mr  Astridge’s  remark: 

The  CAA  certification  selects  the  designer  and  he  is  respon.sibie  for  seeing  to  it  that  his  design  satisfies  airworthiness. 
The  FAA  on  the  other  hand  alJow.s  the  designer  to  design  to  standard  but  the  design  must  be  proved  to  FAA  to  meet 
standard  by  test  or  other  means. 


J.Worm,  Ge 

( 1 )  Did  you  require  to  leave  the  chip  detector  light  in  the  instrument  panel,  or  is  it  possible  to  put  the  light  outside  of 
the  cockpit  on  a  panel  right  on  the  additional  gearbox? 

(2) hcre  more  than  one  manufacturer  who  makes  burn-off  chip  detector  systems  (Tedeco)? 

Author's  Reply 

It  would  be  our  intent  to  have  one  caution  light  on  the  pilot's  cnunciator  panel  with  a  provision  to  determine  which 
sensor  (location)  is  showing  evidence  of  a  chip  in  the  oil  system.  It  is  now  apparent  that  a  record  should  be  kept  of  those 
indications  that  were  burned  off  or  “zapped"  by  the  capacitive  discharge  —  perhaps  by  a  counter  of  actuations  of  a 
bum-off  button.  This  is  because  on  lightly  loaded  engine  bearings  where  skidding  is  likely,  (he  bearing  can  wear  out  to 
failure  with  only  fine  particles  being  generated.  The  heavily  loaded  gearbox  bearings  and  gears  will  generate  larger 
particles  under  the  spall  mode  of  failure  and  these  must  be  investigated  by  an  appropriate  maintenance  programme. 

To  my  knowledge,  the  first  Tcdeco  zapper  was  certified  by  our  office  on  the  S-76  helicopter.  Theother  chip  detector 
manufacturers  have  not  developed  the  necessary  burn-off  feature  to  eliminate  false  alarms. 


REPORT  DOCUMENTATION  PAGE 


1.  Recipient's  Reference 

2.  Originator's  Reference 

3.  Further  Reference 

4.  Security  Classification 
of  Document 

AGARD-CP-369 

ISBN  92-835-0372-4 

UNCLASSIFIED 

5.  Originator  Advisory  Group  for  Aerospace  Research  and  Development 


North  Atlantic  Treaty  Organization 
7  rue  Ancelle,  92200  Neuilly  sur  Seine,  France 

6.  Tide 


GEARS  AND  POWER  TRANSMISSION  SYSTEMS  FOR 
HELICOPTERS  AND  TURBOPROPS 


7.  Presented  at 


the  Propulsion  and  Energetics  Panel  64th  Symposium,  held  in  Lisbon, 
Portugi,  8— 12  October  1984. 


8.  Authar($)/Editor(s) 


9.  Date 


Various 


January  1985 


1 0.  Aulhor's/Editor's  Address 


1 1 .  Pages 


Various 


1 2.  Distribution  Statement 


1 3.  Keywords/Descriptors 


396 


This  document  is  distributed  in  accordance  with  AGARD 
policies  and  regulations,  which  are  outlined  on  the 
Outside  Back  Covers  of  all  AGARD  publications. 


Gears 

Power  transmission  systems 
Helicopters 
Turboprops 
Tooth  failures 


Transmission  systems 
Drive  trains 
Roller  bearings 
Tribology 
Lubrication 


1 4.  Abstract 

The  Conference  Prtweedings  contain  32  papers  presented  at  the  Propulsion  and  Energetics 
64th  Symposium  on  Gears  and  Power  Transmission  Systems  for  Helicopters  and  Turboprops, 
which  was  held  8—  1 2  October  1 984  in  Lisbon,  Portugal. 

The  Technical  Evaluation  Report  is  included  at  the  beginning  of  the  Proceedings.  Questions 
and  answers  of  the  discussions  follow  each  paper>The  Symposium  was  arranged  in  seven 
sessions:  Review  of  Current  Transmission  Technology  (4);  Helicopter  and  Turboprop 
Transmission  Technology  Needs  and  Design  (4);  Component  Design  Technology  and 
Manufacturing  Considerations  (8);  Tribological  Aspects  of  Transmission  Components  (6); 
Diagnostics,  Measurements,  and  Noise  (5);  Problems  and  Failures  in  Gearing  Application  (3); 
and  Qualification  .Standards  and  Specifications  (2). 

'Fhe  purpose  of  the  Symposium  was  to  exchange  and  disseminate  information  on  re.search  and 
development  conducted  on  gears  and  transmission  systems  in  order  to  introduce  new 
technologies  for  improvements  in  weight,  performance,  and  life-cycle  costs.  ■Jhe  achievements 
were  listed  in  the  Technical  Evaluation  Report.  The  Symposium  could  not  cover  the  whole  area; 
the  gaps  left  will  be  discussed  in  an  AGARDograph  to  be  published  in  1 987.^ 
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